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FOREWORD 

Short  wsTS  direction  finders  serve  as  one  of  the 
Keane  of  long;  distance  radio  navigation.  Their  essential 
advantage  is  the  ahillty  to  cover  large  distances  vxtn  re¬ 
latively  llttlo  power  coneuiaed  by  the  trar.siaitte.rs.  ihe 
only  lactor  tliat  limits  to  a  certain  extent  ^^ctens^ye  use 
ehort  wave  radio  direction  finders  is  the  insuxiicient 
direction-finding  accuracy.  The  problem  of  raising  the  ac¬ 
curacy  of  radio  direction  finding  at  short  waves  is  there¬ 
fore  quite  urgent. 

The  available  litoraturo  cn  short-wave  radio  naviga¬ 
tion  Is  contained  essentially  in  journal  articles.  ^ 

need  is  felt  for  papers  tliat  generalise  ac-d  systematise 
these  varied  dsita..  which  soaietimes  are  contradictory. 

It  is  the  aim  of  this  book  to  fill  to  some  extent 
this  gap  and  thereby  aid  tlxe  students  in  the  correspnndlng 
sections  of  courses  on  radio  navigation. 

We  consider  in  this  text  the  construction  principle 
and  block  diagrams  of  short  wave  direction 
lyse  their  operating  features,  and  make  rccommendationa  con¬ 
cerning  the  choice  of  different  versions.  **  j  ^ 

Particular  attention  is  paid  to  direction  finders 

with  long 
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base,  vhioh  ensure  relntively  high  accuracy  of  direction  flndiog.  This 
feature  oiakes  radio  direction  finders  with  long  base  the  nost  pro- 
mi  sing. 

Since  conditions  of  propagation  of  radio  waves  determine  to  a 
considerable  extent  the  accuracy  of  short-wave  radio  navigation,  it 
is  necessary  to  take  into  account  the  features  of  propagation  of  radio 
waves  when  choosing  or  designing  directien  finders. 

In  Chapter  1,  written  by  candidate  of  teohnloal  sciences,  lec¬ 
turer  O.V.Salavin,  are  considered  direction  finding  methods  and  block 
diagx'ame  of  long-base  direction  finders,  Ciiapter  II,  written  by  candi¬ 
date  of  ^echnical  sciences  V.A.  Veyteel*,  gives  a  brief  survey  of  the 
most  characteristic  errors  in  radio  navigation,  dua  to  conditions  of 
the  XBQxt  route,  and  recommendations  on  imaas  of  raising  the  accuracy 
of  direction  findera,,..-In.GhaBt(ft»n>jHI,  IV,  and  V,  written  by  candi¬ 
date  of  technical  sciences,  V,S,  tIl.*y*uiov,  are  investigated  the 
operating  features  of  two-channel  Inertialess  direction  finders,  and 
an  analysis  is  given  of  the  apparatus  error  when  continuous  and  pulsed 
radio  signals  are  xiaed, 

ti^iptar  VI,  written  by  V.A,  Veytsel*,  is  devoted  to  the  selec¬ 
tion  and  investigation  of  the  phase-meter  block,  which  is  the  final 
stage  in  the  direction  finder  that  operates  with  signal  conversion. 

The  text  contains  the  first  publication  of  results  of  original 
research  on  the  error  of  the  receiving  circuits,  and  phase  meters  of 
labcratory  models  built  at  the  Kil^^soow  Aviation  Inatitute/. 


la  vriting  Chapters  I  aod  11,  use  vas  oMde  of  data  on  foireiga 
loog-base  radio  direction  finders,  the  description  of  which  can  be 
found  in  the  literature  cited  at  tt^  end  of  the  book. 

This  work,  which  is  the  first  attenpt  of  diaseoixMition  of 
different  material  on  short  ware  radio  direction  finding,  is  naturally 
not  free  of  errors.  The  authors  will  receira  gratefully  advice  and 
critical  remarks,  which  should  be  addressed  to  the  Mosccm  aviation 
Institute. 
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Chapfter  I 


METHODS  or  OIRSCTIOI  Fli 
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iHD  BLOCK  mORAm  Of  L0»>^iSB 


RADIO  imtlCTZOM  FXIBBO 


1.  SHOEtT-UAVE  RADIO  XAVI&ATlOJaL  SXSTEm 

Tha  UM  of  tba  Mana  of  lojng  diatanee  radio  ziavlgation  aakee  it 
possibla  to  guide  alrpOLa&ea  over  loag  dlataneee  with  a  aiaiaua  auaber  of 
aurfaee-baeed  radio  aarigatioa  poiata.  fat  our  oouatrj,  the  deaelopasat 
of  a  aystea  of  long«diataaee  radio  aavigatioa)  operatlog  with  aati8» 
faetory  aeeuraey  at  diataaoea  of  aereral  thouaaad  kiloaetera^  ia  of  great 
aignifioanee. 

Radio>aaTigatioaal  aeaua  vith  a  raage  exeeading  2500  kiloaetera 
ean  be  attaiaed  hj  using  long  oer  short  waves.  The  poaaibilitj  of 

uaiag  radio  waves  in  the  ceatiaater  band  (reflected  f^oa  the  troposphere) 
ia  still  dotdbtful.  However,  the  uae  of  loag  radio  waves  oalla  for 

tranaaittera  of  eonaiderable  power.  Radio  navigation  aeana  operating  at 
these  waves  are  best  aade  ia  the  farm  of  radio  beacons,  with  ooHj  radio 
raeeivers  aounted  on  the  airplanes. 

In  addition,  it  ia  eaaj  to  produce  in  the  long-wave  band 
artificial  noise,  which  praetioally  covers  the  entire  band.  Bren  in  the 


abaenott  of  ofta-'OAde  noise,  randoa  interference  froa  neighbor iog  radio 
stations  owy  frequently  occur.  The  high  level  of  atnospberic  stetle 
at  long  uaves  leads  unavoidably  to  an  increase  in  the  power  of  the 
transaittlag  devices.  The  foragoixig  factors  reduce  considerably 
basic  advantage  of  radio  navigational  syateas  at  long  waves  the 
high  operating  reliability  (in  the  absence  of  Interference). 

The  use  of  short  radio  waves  (in  the  band  XTon  3  to  30  Msa) 
reqai.r63  no  high  power  troasmittars,  and  trananitters  with  an  antenna 
power  on  the  order  of  several  hundreds  of  watts  are  adequate.  A  short¬ 
wave  radio  navigation  ^atea  can  be  produced  in  a  direction-finder 
version,  by  locating  the  radio  direction  finders  on  the  surface  of 
the  earth.  In  this  case  the  operating  tlas  of  the  ^stea  tranaaitters 
aay  be  quite  insignificant.  The  operation  of  such  a  systea  is  very- 
difficult  to  de-tee t.  The  piroduetionof  aan-aade  static  is  also  aade 
difficult. 

The  problem  of  developing  a  long-range  direction  finder  system 
at  short  waves  reduces  to  the  solution  of  probleas  connected  with  the 
possibility  of  ins-jraasing  the  accuracy  of  radio  direction  finding.  The 
existing  radio  direction  finders  for  short  waves,  of  the  Adcock  type, 
produce  large  errors  when  operating  at  distances  more  than  1,000  kilo- 
aaeters,  and  freq’aently  cannot  opera-te  at  weak  signals. 

It  is  necessary  to  consider  the  possibilities  of  producing  short 
wave  radio  direction  finders,  which  result  in  considerably  saaller 
errors.  In  such  radio  direction  finders,  the  dia-tances  between  an-tennaa 
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cr  groups  of  antexujas  exceed  a  wavelength.  They  are  called  loog^ase 
radio  direction  finders  and  are  oocslderod  in  the  present  book, 

Nat'iirally,  it  auat  be  borne  in  isind  boat  3horb*wave  radio 
direction  finders  cannot  insui'6  Ln  ganaral  high  opera  ting  reliability, 
owing  to  the  characterlstlo  conditions  of  short  wave  radio  propagS" 
tion.  It  zaay  also  happen  that  radio  navigation  s^ysteias  operating 
St  .4 tort  waves  will  not  be  able  to  insure  tne  saoe  accuracy  as  long¬ 
wave  syateas.  Nevertheless,  conditions  oay  occur  under  which  the  use 
of  short  wave  systeais  of  navigation  may  ;vield  the  necessary  effect. 

Gne  m^ist  therefore  consider  short-wave  radio  navigation  syste/as  as 
a.lKO£t  essential  auppleoients  to  saeans  operating  at  long  waves. 

2.  sacaT-EASE  RADIO  DXRECTIGN  FIKDAtS 

Radio  direction  finders,  whose  main  antenna  SQfstem  element  is 
a  loop,  operate  well  in  the  aediJbn  wave  band  (0,2  —  1.5  >fcs).  They 
pc7'ait  radio  direction  finding  with  a  mean  squared  error  not  exceeding 
1 '  ,  ’.Andar  the  best  conditions/lo/,  la  the  snort-wave  band,  loop- type 
radic-:  direction  fi-nders  produce  large  errors,  due  priiaarily  to  the 
:>ec  .:diar  feutures  of  propagation  of  short  radio  waves,  which  are  re- 
flectec  fi'cm  the  ionosphere.  The  errors  az'ise  as  a  result  of  the 
change  in  the  angle  of  poiariaatioa  of  the  wave  upon  reflection  i"roa 
the  ionosphere. 

The  appearance  of  errors  in  a  loop  direction  finder  upon 
crjangp  in  angle  of  polarisation  of  the  radio  waves  is  due  to  the 
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raceptlon  of  tba  elaotroMgoatio  flald  on  the  horlaootal  parts  of  the 
loop.  Therefore,  separated  antennas  i«ere  tised  in  the  next  stage  of 
dftvalopaeiit  of  raj^io  directicn  findings  at  sh-rrt  vaves.  Radio  direc¬ 
tion  finders  vith  separated  antennas  are  called  Moock  t^pe  radio 
direetioo  finders. 

The  diraetieitgr  pattern  of  an  antenna  sgrotea  consisting  of  tuo 
antennas,  separated  by  not  acre  than  0.1  of  a  vaeelength,  is  the  sane 
as  that  of  a  siaple  loop.  These  are  snort-base  radio  direoticn  finders. 

Various  versions  of  redio  direetion  finders  of  the  idoook  type 
have  been  proposed,  in  order  to  reduae  farther  the  signal  recap¬ 

tion  level  on  the  noriaontal  feeders  of  the  antenna  system  and  to 
rediJce  the  antenna  effeet.  Oats  on  tha  investigation  of  various 
versions  of  Ad  cook  type  radio  direotion  finders  are  given  in  the  veil! 
knewn  work  by  V.V.Shlrkov^^l^. 

Kavertbeless,  since  piokup  does  exist  in  the  feeders,  radio 
direetion  finders  of  the  Adooek  '^rpe  are  not  Arse  of  peXariaation 
errors. 

Matters  era  improved  somewhat  by  using  separated  loops  instead 
of  separated  antennas.  This  reduoes  the  polarisation  errors  azid 
inereases  the  interferenoe  rejection  of  the  iadio  direotion  fisderi^ 
but  still  does  not  solve  the  problem  of  the  effective  utilisation 
of  these  radio  direotion  finders  for  long  distanee  and  exact  direotion 
finding  at  short  waves.  Ouing  to  the  short  bass  of  the  Adcock  tfpa 
radio  direotion  finders  they  produce  large  errors,  due  to  the  influence 


of  scattered  reflection.  In  addition,  it  is  difficult  to  increase 
the  interference  rejection  of  such  radio  direction  finders,  for  they 
aii3t  receive  signals  iroa  all  directions.  Furtheraiore,  tiis  ure  cf 
sharply-directional  antennaa  is  frequently  excluded*  A.!!  ^ai3  icids 
to  the  conclusion  tnat  radio  direction  finders  with  short  v  base 
carjiot  be  reeoaaended  as  a  foundation  for  the  construction  of  exact 
Tea':,  a  direction  finders  for  sl-art  waves,  operating  at  distances  of 
several  thousands  kilometer 3.  We  therefore  leave  out  here  tne  des- 
oriptlon  of  vai’ious  block  diagrams  of  short-base  radio  direction 
finders,  referring  the  reader  to  the  literature,-^,  10,  137. 

3.  iUDIO  DIRECTION  FINDERS 

Tne  large  errors  due  to  the  influence  of  scattered  reflections 
and  variations  in  tne  arsgle  of  polarization,  Jnh6r6*nt  in  shcrt-bAse 
radio  direction  finders,  have  necessitated  a  search  for  a  solution  to 
taa  problem  of  increasing  the  accuracy  of  long  distance  direction 
finding  at  short  whves  by  employing  long-base  radio  direction  finders. 
Already  at  the  beginning  of  the  thirtdee,  in  investigations  performed 
at  tha  Central  Radio  laboratory  on  the  stability  of  bearings  on  the 
Leningrad -Khabarovsk  line^'l?,  a  long-base  antenaa  sQrstem  was  employed, 
Approxijmatsly  at  the  start  of  the  foi'ties,  radio  direction  finders 
with  long  base  have  been  developed  intensely  in  Germany.  In  the 
middle  of  the  forties,  radio  direction  flxxJars  with  long  base  found 
application  on  a  large  scale  in  England.  The  results  of  the  work  by 


Rora  vith  such  rsdio  dlrsctloa  finders  was  piddlished  in  special 
reports  on  the  investigation  cf  conditions  of  direction  fixidings 

at  short  vavea/i67. 

Tna  known  aaterial  on  radio  direotlon  finders  with  long  base 
has  shown  that  these  direction  finders  nust  ensure  a  conaiderably 
greater  direction  finding  aocuraoy  at  aadiua  waves  and  a  certain  in- 
cresae  in  accuracy  of  direction  finding  at  short  waves.  In  spite  of 
this,  there  is  still  a  lack  of  literature  that  considers  the  possible 
block  diagraias  of  radio  direction  findera  with  long  base  and  direction 
finding  oethods.  In  the  design  of  radio  direction  finders  with  loxig 
base^  questions  es^ise  of  the  advantageous  choice  of  an  antenna  systes, 
of  the  direction  finding  Method,  of  the  block  diagram  of  the  receiving* 
indicating  apparatus,  etc.  jPurthermore,  all  these  problems  must  be 
related  to  taa  direction  finding  conditions.  The  choice  of  direction 
finder  parsjaaters  must  insure  a  reduction  in  the  different  errors  due 
to  the  definite  characteristics  of  direction  findings  at  short  waves, 
lot  the  literature  hardly  tcuehss  upon  such  questions.  There  are  many 
books  devoted  a  tc  the  investigation  of  direction  finding  errors  at 
short  waves  by  means  of  long-wave  radio  direction  findera.  But  the 
authors  of  these  books  Investigate  principally  the  theoretical  prob¬ 
lems,  without  dwelling  on  practical  recommendations  regarding  the 
choice  of  parameters  and  circuits  for  radio  direction  finders  with 
long  base.  In  the  present  text  we  consider  the  principal  methods  of 
direction  finding  at  short  waves,  block  diagrams  of  Ic  ^g-base  radio 


dlr««ticafiJ9d«rs,  and  raeowMiadations  on  the  dealga  of  radio  dlraetioa 
finders  froa  the  point  of  viev  of  reducing  the  apparatus  errcrs. 

Loog^.^aa©  radio  direction  finders  ae«  be  called  sector  findersj 
siooe  usually  the  hearXug,  is  assured  vitiiin  a  eect  :^*  oi 

If  the  position  of  the  seotOor  aac  be  ohaaged,  then,  naturally,  it  is 
possible  to  find  the  bearing  to  a  signal  iron  any  direction. 


4.  filHSCTION  FIUDIBG  .^HQQS 
Coapeurison  of  Amplitudes 

Slrcotion  finding  can  be  oarried  ou^  by  radio  direction  finders 
of  long  base  by  uaing  the  method  of  coaqparison  of  aignal  amplitudes. 

iasme  that  u©  hste  two  groups  of  antennas,  the  horiaontal  sec¬ 
tion  of  the  direotivity  pstterns  of  which  are  shown  in  Fig.  1.1.  The 
voltages  at  the  ofstpuis  of  the  antennas  can  be  written  es 

.  (i.i) 

where  ^  —  elevation  angle. 

I 

Q  —  bearing  laeasured  frost  thg  dlreotlon  chosen  as  the  refer- 
enee  point. 


2^  —  a*?elitode  of  the  voltage  in  the  dlreetion  of  the  maxi¬ 
mum  of  the  pattern. 

If  we  take,  for  exnmplo,  the  ratio  or  the  difference  of  the 
amilitadss,  ve  obtain  the  following  formulas 

n  2) 


to 


«.-fol/l(P.«)-/5  (?.»)!  K. 


(1.3) 


vhere  v'  and  readings  of  the  direction  fijader  indicator  in 

the  tlTrtxKit  fai'iner  and  in  the  latter  cases. 

The  ratio  of  the  voltages,  as  seen  Aron  (1.2)  depends  on  the 
bearing  of  the  arriving  signal  and  on  the  elevation  angle.  Farouila 
(1.2)  can  be  represented  in  the  fora 

'>=/{?.«).  (lo 

Differentiating,  we  obtain 

Relation  (1.4)  can  be  called  the  dlreotion-finding  oharaoteristio 
(Fig.  1.2). 

The  slope  of  the  direotion-finding  characteristic  determines  the 
direction-finding  scale,  and  the  instrumental  accuracy.  The  nerrower 
the  lobes  of  the  antenna  directivity  pattern,  the  greater  this  scale. 

The  advantage  of  a  direction  finder  employing  amplitude  col^^)ari** 
son  is  that  it  takes  into  account  only  the  amplitude  relations  of  the 
signals,  and  the  phase  relations  do  not  play  aiqr  role  at  all.  In 
practice  the  directivity  patterne  of  antennas  contain  more  or  less 
pronounced  side  lobes.  In  addition  to  the  principal  sectora,  there 
appear  on  the  direction  finding  characteristic  also  false  sectors, 
shewn  dotted  in  Fig.  1.2.  Considerable  difficulties  arise  also  in 
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connection  with  eliainating  the  influence  of  the  "altitude"  error, 
inaamuch  as 

— the  elevation  angle  enters  into  Eq.  (1.2). 

A  block  diagr^i»a  of  tha  receiving-iTjdicating  unit  uf  the  recU  > 
direction  finder  f-ir  aaplituda  cooparison  is  shown  in  Fig.  1.3. 

Actually  the  diagraa  shows  a  tMo<-ohannel  receiving-indicating 
unit.  The  voltage  from  the  output  of  the  second  channel  controls  in 
AG  '  stag^3,  widen  changes  the  gains  of  tbs  channels  simultaneously, 
maintaining  toe  voVtag^:-  at  tne  output  of  the  second  chennel  constant. 


Fig.  l.i.  Arrangement  of  the  directivity  patterns  of  two 
antennas  in  direction  finding  by  the  ampiit\JdQ-oompari3on  method. 

1  —  direction  of  the  aero  reading  of  the  bearing,  2  —  direc 
tion  cf  the  incoaitjg  signal. 


V 


a 


Fig.  1.2.  CJMraottrlstio  of  direetioa  fiadiag  of  a  fiiidor 
opctratiag  tgr  the  anpkLitude-ooaparisoa  ootbod. 

Q  •»  algaal  bearing,  —  reading  of  radio  dlz'eetioo  I'inder. 

Fig.  1.3.  Blook  diaipraa  of  radio  dlreotloti  fladar,  operatlag 
by  the  a^plitode-oaBiMDriaoa  aatbod. 

£  —  voltage  of  the  firat  anteana  grot^,  S2  —  voltage  of  the 
aaoood  aateaoa  grocp,  1  voltage  applied  to  iadioator,  AGC  — 
auAoaatio  gala  eootrol  atage,  Ik  —  firat  obaanel,  2k  ~~  aeooad 
ebaaael. 


Tbs  voltage  at  tbe  ov^ut  of  tbe  firat  channel  ia 

vbere  K  ia  tbe  gain  of  tbe  channel. 

iococdiaglj,  the  voltage  at  tbs  output  of  tbe  second  ohaanel  la 


1/^^—  K£2  —  const  ==  f . 


(1.7) 


Inaertlag  the  value  of  tbs  gain  firon  Sq.  (I.6)  into  (1.7)  ve 
see  that  tbs  voltage  at  the  output  of  the  first  efaannel  ia  proportional 


to  tbe  ratio  of  tbs  voltagoa  at  tbe  input 

“S’ 


(1.8) 


Tbe  Mgnituia  of  tbs  apparatus  errors  of  an  aaplitude-coopari- 


ton  radio  dlraotion  finder  Is  deteradiied  tiy  tbe  operating  qoalltj 
of  the  AGC  otreolt,  whloh  should  operate  very  effeotlvely.  When 
ateut  the  input  voltage  ig  changed  by  a  factor  of  lo3,  the  output- 
voltage  at  the  output  of  the  .-iooond  channel  should  change  only  oy 
several  percent.  Usually  axadada  an  aapUfled  AGO  circuit  Is  used. 

In  addition,  the  apparatus  errors  of  the  reoelving-iztdleating 
vn5t  depend  cn  the  field  intensity  of  the  received  radio  station.  If 
the  Input  voltage  insufficient  to  operate  the  AQC,  the  circuit 
yields  lai'ge  errors. 

A  variation  in  the  directivity  patterns  also  leads  to  apparatus 
errors.  This  variation  should  not  exceed  at  a  0.2®  bearing 

aacuracy, 

Tiae  possible  occurrence  of  various  apparatus  errors  aakas  it 

laposslble  to  eensider  the  aoplitiide  -coo^Arison  oiethod  as  basic  In 

radio  direction  finders  uith  long  bases.  It  can  play  only  a  subsidiary 

was  aore 

rol«:.  This  oethod  lx  used  twarte  frequently  earlier,  when  the  factors 
that  determine  the  stability  of  tbs  phase  characteristics  of  the 
receiving  apparatus  at  short  waves  were  not  sufficiently  studied. 

Slow  Rotation  of  the  Directivity  Battern 

Another  method  of  direction  finJing  is  based  on  a  slow  rotation 
of  the  directivity  pattern.  In  this  case  the  signal  amplitudes  are 
not  compared  simultaneously,  but  successively  in  time. 

The  directivity  pattern  of  the  antenna  aystem,  whloh  has  a 


sharp  null,  was  rotstsd  by  aaoothly  mitohiJig  tbs  sntsnnss  vlth  tbs 
aid  of  a  special  device*  By  rotating  the  pattern,  one  finds  tbs 
paaition  at  which  the  signal  is  not  recorded  by  the  indicator. 

In  the  early  radio  direction  finders  of  this  type,  the  indicatca' 
used  was  an  earphone  oonnaeted  to  the  output  of  tba  receiver.  Dlree* 
tion  finding  by  slow  rotation  of  tbs  directivity  pattern  can  be 
readily  explained  using  aa  an  axanple  the  WuUanuevar  radio  direotion 
finder  with  a  sine  eoapensator  (Pig.  1.4).  The  antexina  eysten  of 
this  radio  direotion  finder  consists  of  broadband  antennas,  arranged 
in  a  circle.  Located  in  the  center  of  the  antenna  ay  stem  is  a 
direction  finding  booth,  in  which  is  located  the  sine  coapenaator 
and  tne  receiving  apparatus. 

The  anteiuuts  are  connected  in  grotips  of  four  each  and  are 
phased  to  one  direction  by  oeana  of  artificial  delay  lines,  located 
in  the  sine  oonpensator  (see  Fig.  1.4).  The  delay  tlae  one 
antenna  to  another  should  change  sinusoidally,  and  this  is  why  the 
pnasing  apparatus  is  called  a  alns-aonpenaator. 

The  aine  ooicpensator  consists  of  a  dual  cylinder  with  non¬ 
conducting  vails.  The  inner  cylinder  can  rotate  independently  of 
the  outer  one.  On  the  inner  and  outer  cylinders  are  “fc— placed 
oetallic  switch  blades,  between  which  the  necessary  capacitive 
coupling  is  produced.  The  delay  lines  sre  connected  to  the  blades 
of  the  internal  cylinder,  and  cables  Srom  the  antennas  are  connected 
to  the  blades  of  the  external  cylinder.  Located  on  the  top  of  the 


fllM  •onp«n— tar  is  a  baariog  aoala,  Whaa  tba  lataraal  aTliadar  otf 
the  sine  aoapejMator  le  rotated,  the  di'^geat  pattaraa  of  the  grohpa 
rotate  aaaothlj. 


Fig.  1.4.  Bloek  diagraa  of  the  aateaxMi  egratea  of  the  VoLlen* 
never  dlreetlcaflader. 

Beo  —  reeaiver,  SC  —  alae  ao^penaator,  US  —  delay  eleaaata. 

Saaoth  rotation  of  the  pattara  la  attaiaed  by  the  faet  that 
bfttncea  two  blades  of  the  laaer  eyllader  are  placed  three  blades  of 
the  oater  eyliader.  The  o^ztpots  of  the  two  grosps  of  aateaaas  are  fed 
to  a  iMlteh,  vfaieh  eaa  ooanaat  thea  either  for  additloa  or  for  siini 
tsaatlMS  dlffereaee  (Fig.  l.$).  . 
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Fig.  1.5.  Directivity  pattern  of  antenna  groupa  for  different 
ccnnectlona  (left  —  connection  fear  sua,  right  —  for  difference). 

The  aearchixig  for  a  signal  occiara  with  the  directivity  patterns 
connected  for  sumrotition.  In  this  position  the  inner  cylinder  of  the 
sine  coapenoator  juwtm  rotates  until  a  naxlnua  sound  is  received,  and 
rcoghly,  accurate  to  several  degrees,  one  determines  the  bearing  of 
ttsE-.  rf^dio  station. 

After  the  signal  is  detected,  the  directivity  pattern  is 
switched  over  foi*  difference  and  the  direction  finding  is  continiied 
for  minimum  audibility.  In  the  ease  of  a  long  base,  several  mtnifMi 
are  obtained.  The  operator  selects  the  odnimua  corresponding  to  the 
readings  obtained  during  the  search.  The  instrumental  accuracy  of 
bearing  determination  is  on  theorder  of  several  tens  of  minutes  and 
depends  here  on  the  patterns  of  the  antenna  system  and  on  the 
to  noise  ratio. 

As  in  the  case  of  audio  radio  direction  finders,  ve  can 
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speak  of  s  seoaitivitif  modulus,  taking  this  term  to  mean  the  prodtyst 
of  the  angle  of  slleoca  by  the  intensity  of  the  signal  field. 

The  inatarUBieiital  eccurecy  increase?  with  in./reaeij-ig  frt  iCer.  y, 
since  at  higher  fraqui$ncies  the  direotivity  patterns  are  sharper. 

The  presenoe  of  apparatus  errors  is  verified  by  means  of  an  external 
heterodyne.  This  makes  it  possible  to  Introduse  ^ the  necessary  cor¬ 
rections  in  the  bearing  readings. 

Dhrec^xon  finding  is  slvsys  along  a  perpendloular  to  the  base, 
thua  insuring  maximum  instrumental  accuracy.  1  radio  direction  finder 
operating  by  the  method  of  slow  rotation  of  the  directivity  pattern  has 
.  lew  cpMi'atirvj  efficiency.  This  shcrtcoodng  is  inherent  in  all 
.Tiethods  of  non-&imult«neou3  comparison  of  signal  aaplitudes.  There  is 
no  instantaneous  reeding  in  this  case. 

Rapid  Rotation  of  the  bireetivlty  i^ttern 

The  insufficient  operating  efficiency  in  alow  rotation  of  the 
directivity  pattern  can  be  eliminated  to  a  considerable  extent  by 
using  rapid  rotation  of  the  directivity  pattern  of  the  antenna  i^stem. 
For  exeaple,  it  is  possible  Id  rotate  mechanically  the  internal  cylinder 
of  the  sine  compensatirr.  It  is  easy  to  binder  stand  that^vith  this, 
the  input  voltage  of  the  receiver  will  be  modulated  in  amplltudle. 

If  the  directivity  pattern  has  sharp  nulls,  then  the  voltage  at  the 
output  of  the  receiver  vill  not  contain  the  carrier  frequanoy,  and 
will  have  only  the  side  bands.  The  block  diagram  of  the  radio 
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dlrcotioa  finder,  operating  on  tiia  aethod  of  rapid  rotation  of  the 
directivity  pattern,  aa  ahovn  in  Fig.  1.6. 

iaauoo  tnat  we  have  a  reference  generator,  the  voltage  of  which 
la  syochrcnized  with  the  position  of  the  rotor  of  the  eiotcr  wrdch 
rotates  the  directivity  pattern.  Let  in  the  aiapleat  case  the 
directivity  pattern  have  the  shape  of  a  Fig.  8.  Than  the  d±x  voltage 
at  the  input  of  the  receiver,  if  the  voltage  of  the  carrier  frequency 
also  present,  will  be  proportional  to  the  quantity 

sineif  |l-(-msin(0-f  fiO)«  (l-^) 

and  the  referenoa  voltage  will  be  proportioxMLl  to 

stnfi^  (1.10) 

The  receiver  will  separate  out  tto  voltage  of  the  envelope,  the 
ftequancy  of  which  will  be  equal  to  the  frequency  of  rotation  of  the 
directivity  pattern.  If  we  oeasure  toe  phase  differences  of  the 
voltages  at  the  output  of  the  receiver  and  the  reference  voltage, 
it  will  equal  the  bearing  of  the  signal.  We  see  that  in  this  method 
use  is  made  of  additional  fcrcad  >BoduIation  of  the  signal  as  the 
directivity  pattern  ia  rotated,  and  phase  oeasurament  is  carried  out 
at  a  low  frequency. 

In  rotating  a  diagram  whieh  has  several  .mlniJM,  as  occurs 
in  direction  finders  with  lai'ge  base,  the  voltage  at  ttM 
receiver  output  does  not  have  a  fundaanotal  ft'equancy  component  of 
the  reference  voltage,  and  contains  only  harmonics  of  this  Arequenoy. 


Tba  — **■!  bacriag  readiag  beooaea  MbiguouB. 


?ig.  1.6,  Blo«k  diagram  of  a  radio  dlreetloo  finder  based  on 
the  aetbod  of  rapid  rotation  of  tha  direetlvitgr  pattern. 

It  2,  3t  and  4  —  antennas,  dpr  —  rotating  device  for 
dlrectlvitj  pattern.  Rec  •—  receiver.  Ph  —  phase  aster.  M  —  aotor. 
RV^  referenoe  voltage  generator. 

The  overall  directivity  pattern  of  two  groups  of  antennas 
connected  tn  differentially  can  be  represented  in  the  fora 

/(9)»sinrte.  (1.11) 

whore  0  —  bearing 

n  ~  an  integer,  characterising  the  directi «  properties  of 
the  rssultant  pattern  (in  tbs  ease  of  a  long  base). 

Uhen  this  pattern  rotates,  the  voltago  at  the  input  of  the 
receiver,  taking  into  account  the  additional  oazrier-fl'equenoy  voltage. 
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vHl  be  proportioiMQ.  to  the  queatity 

slii«/(l-f-i«s!nii(e>l-a/)|.  (1.12) 

Obvioualy  the  voltage  at  the  output  of  the  receiver  will 
contain  the  n^'th  haroonio  of  the  reference  voltage.  The  frequency 
of  the  reference  voltage  atust  be  Multiplied  by  a  factor  of  n.  The 
ph&ae  iseter  laeaeuree  the  phaee  difference 

(1.13) 

Thus,  the  coefficient  a  characterises  also  the  aobiguity  of  the 
reading. 

However,  the  okathod  of  rapid  rotation  of  the  directivity 
pattern  has  substantial  shortcoaings.  First  of  all,  the  interference 
rejection  ia  greatly  reduced.  At  short  waves,  Interference  f^oa 
neighboring  radio  stations  manifest  themselves  quite  strongly.  In 
the  case  of  slow  rotation  of  the  pattern,  the  operator  can  listen 
separately  to  the  signals  from  tha  radio  stations,  entering  into  the 
pass  band  of  the  receiver,  and  to  matoh  the  strength  of  the  signal 
at  the  output  of  the  receiver  with  the  position  of  the  pointer  on 
the  sine^ompensator  scale.  This  eliminates  to  a  considerable  extent 
the  infliianoe  of  signals  from  neighboring  radio  stations  on  the 
results  of  the  direction  finding. 

In  the  ease  of  fast  rotation  of  the  direotivity  pattern, 
all  the  signals  which  are  received  simultaneously  by  the  antenna 
aystem  are  modulated,  and  tha  signal  of  each  radio  station  gives  an 


envalopa  of  oa«  and  th«  saoe  treqmtiaj.  The  phase  oater  averages 
the  readings  and  gives  an  error  in  the  diracticn  finding.  In  this 

'.1  th'!  dlraoticn  is  aubjoct  to  o  nertelri  ti.ae 

Taking  these  shortccairiga  into  account,  the  aethod  of  rapid 
rotation  of  the  directivity  pattern  can  be  reccuMssadad  only  when 
it  is  assuiaad  that  the  signal  from  the  direotion-findixig  radio 
st  ;t.icn,  cpyi*ating  ir.  a  continuous  mode,  vill  be  sufficiently  strong 
acifipyrect  yi.tu  the  slgoale.  of  the  neighboring  stations,  A  technical 
realisation  of  this  methfxi  involves  certain  diffioultieB.  In  lae 
case  of  a  long  base  the  pattern  can  be  rotated  either  laechanLcally 
or  by  electronic  switching  of  the  antennas.  T.ho  interference  re¬ 
jection  is  also  reduced  by  the  need  of  employing  detection  vhea 
ssparating  the  envelope.  In  this  case,  a  deterioration  of  the  sii*oal 
to  noise  ratio  ioay  occsir. 

When  toe  radio  stations  operate  in  the  telegraph  mode,  the 
of  rapid  rotation  of  the  direotivity  pattern  can  be  employed 
if  the  phase  meter  has  lov  Inertia.  It  must  be  nvtad  that  the 
rotation  of  the  directivity  pattern  can  be  realised  by  electronic 
switching  of  the  antennas.  Here  it  is  MouaEoagDdai  essential  that 
tho  ^ttern  os  rotated  by  J60°.  Modulation  of  the  signal  can  be 
obtainod  also  by  swingjUig  the  antenna  abaracteriatics  within  a 
specified  sector.  This  idea  leads  to  radio  dlreetion  finder  schemes 
vitu  long  bases,  based  on  different  1ttaaB',i?a'Kanr>;t»a  conversions 


of  the  signal  as  they  are  amplified,  principally  in  one  channel. 


tfeaaureaent  of  Pbaae  Dlffareoflea  (Fbaae  Msthod) 

A  block  diagram  of  the  phase  method  of  direction  fioding  la 
shovn  in  Fig.  1.7.  The  phase  dlffarshca  la  measured  bexween  volta^'es 
La  two  antennas  and  this  difference  depends  cn  the  base  (distance 
oetween  antennas)  and  on  the  bearing  of  the  signal  (see  belou,  Pig. 
?.3).  This  dependence  is  eiqpresaed  by  the  formaala 

2itd 

<f~— Sine  COS  p.  (1.14) 

For  small  bearing  angles,  the  formula  oan  be  represented  in 
the  form 

<p=_i^acosp.  (1J5) 

A  comparison  of  this  iarmola  with  (1.5)  discloses  that  the 
direction  finding  scale  depends  on  the  ratio  of  the  base  of  the 
Wavelength.  By  Increasing  the  base  it  is  possible  to  increase  con¬ 
siderably  the  accuracy  of  direction  finding.  This  advantage  of  the 
phase  method  as  regards  accuracy  drops  out  Immediately  if  the  base 
1?  taken  imam  shorter  than  the  wavelength.  Therefore  the  phase 
method  of  direction  finding  is  not  employed  in  short-base  direction 
finders. 

Formula  (1.14)  leads  also  to  several  other  features  of  the 
phase  method  of  direction  finding.  The  scale  of  bearing  reading 
is  a  ncalinear  function  of  the  plicae  shift  angle.  The  linearity  of 
the  scale  increases  the  closer  the  direction  of  the  direoticui- 


flikdlag  radio  staitioa  is  to  belog  perpendiouXar  to  tbs  bass. 

If  the  base  is  longer  than  the  wavelength,  then  even  when 
thj  ].o8Sible  direction  of  the  incosdng  signal  is  confined  to  one  half 
plane  (owing  to  the  preaence  of  a  screen  in  the  antennaeyutaa,  an 

aabiguity  may  oeour  in  the  reading.  Asauaing  that  the  bearing  of  tba 

a 

signal  changes  by  il90°,  w©  can  sea  froo  (1.14)  that  tha  phase 
ui-ift  of  i  will  be  repeated  if  the  base  is  successively  in¬ 
creased  by  half  a  wavelength.  Consequently,  the  nuaber  of  sectors 
of  ambiguity,  N^,  will  be  given  by  the  foi^stvila 

(1.16) 

Thus,  the  phase  oethud  tx  leads  to  aubigulty  In  reeding. 

Dei>eadiiig  on  the  vavslength,  the  reading  scale  will  be 
diffet'-'iit.  It  is  thersfoTG  necassary  to  iiave  graphs  to  convert  tha 
indicated  readings  into  bearings  of  the  signal.  In  these  graphs  the 
parars^ter  is  the  wavelength. 


Fig.  1«7.  Blook  diagran  of  tha  pbaae  Mthod  of  dlreotioa 
flxkding. 

1  ajful  2  —  ziatennas.  Ph  —  phaM  ooter*  I  —  indioator. 

Finally,  it  ia  eaay  to  aae  that  a  ohange  in  tha  angla  of 
arrival  of  tha  radio  wave  leads  to  arrora,  vhioh  are  called  "altitude" 
errora.  If  the  angle  of  elevation  ia  not  ateaaured  aioultaneoualy  vith 
the  direction  finding,  the  operator  uiU  aaaune  that  the  phase  shift 
is  due  only  to  the  bearing  of  the  signal  and  vill  calculate  the 
bearing  troa  the  formula 

(1.17) 

vhere  ia  the  bearing  measured  in  an  inclined  jxLane. 

It  ia  more  correct,  however,  to  use  (1.14). 

Comparing  formulas  (1.17)  and  (1.14)  it  can  be  noted  that  the 
altitude  error  of  the  signal 

— arcsln(s}n67cosp).  (1.18) 

It  is  thus  seen  that  the  phase  method  gives  a  noo-itniform 
scale  of  direotian  finding  and  altitude  errors.  However,  the  non~ 
linearity  of  the  scale  and  the  altitude  errora  decrease  when  the 
direction  finding  ia  close  to  a  perpendicular  direction  to  the 
baae.  Therefore  phase  direction  finders  are  aeotcr  direction 
finders*  It  ia  almultaneously  possible  to  obtain  the  bearings  of 
aigoala  only  within  a  narrow  sector  of  angles  near  the  perpendicular 


baae.  The  principal  advantage  of  pbaae  direction  finder  la  the 
pc33ibility  of  increasing  the  accuracy  by  increasing  the  base. 

T&e  nc'id  for  jjrapri&  to  ccxnvsrt  tiie  ruadir^is  of  the 

indicator  into  bearings  for  each  vavelength  reduces  scaewhst  the 
operating  efficiency  of  the  direction  finding  with  a  long  base. 
Ho’-'oVi'r,  if  one  attempt?  to  realize  coaplt'toiy  the  accuracy  in  ahort- 
direction  fiodv^rs,  tJien  it  is  also  necessary  to  iiave  gi'aphs  of 
the  radio  deviation,  which  in  this  case  should  be  plotted  for  each 
frequency  separately. 

Consequently,  the  praseac.i5  of  graphs  for  the  conversion  of 
t';3  rord.tngs  of  the  indicator  into  bearings  of  the  signal  in  direction 
finders  with  loiig  base,  in  the  reeliaatlcn  of  the  maximua  possible 
accuracy,  is  not  a  new  rcqulreaeat.  The  arcbigoity  in  tho  long-base 
direction  fiiaders  is  eliminated  certain  known  methods,  such  as 
oc^pI:.yirg  Ik  addition  a  aheart  base. 

If  the  fwcoad  base  of  the  radio  direction  finder  is  equal  to 
h&lf  ths  wevelength,  tnan  the  aoibigitlty  will  be  eliminated  witttin 
tr;e  c.  anfinos  of  one  half  plane. 

Confiequentiy,  the  paase  method  makan  it  possible  to  increase 
ccnsijsrubiy  the  accuracy  of  direction  finding  and  is  particularly 
convenient  in  sector  radio  direction  finders,  when  the  sector  of  the 
signal  bearing  does  not  exceed  several  degrees  near  the  direction  of 
the  perpendicular  to  the  base  of  the  direction  finder.  H6ceiv.ing- 
Irfiicating  apparatus  of  the  direction  finder  is  in  this  case  the 


phase  aster  (see  block  diegraa.  Fig.  1.7). 


5.  Arv'fENNAS  OF  LONG-BASS  RADIO  DIHSCTION  nmSlS 

It  is  first  necessary  to  oonaider  the  features  of  the  anteaoa 
systems.  The  antenna  system  of  long-range  radio  direction  finders 
should  be  suffioiently  broadband,  to  insure  reception  of  signals  at 
frequencies  Arom  3  to  30  Mcs.  The  antenna  system  should  furthermore 
hftv$  a  definite  directivity  (principal  lobes  of  the  diagram),  and 
have  uhere  possible  no  considerable  aide  lobes.  Finally,  the  antenna 
system  should  be  constructed  in  such  a  vay,  that  the  sector  of 
direction  finding  can  be  rotated  smoothly  or  discretely,  Insuring 
direction  finding  of  signals  vlthin  360°, 

Single  Antennas 

Antenna  systema  of  a  radio  direction  finder  with  a  long  base 
can  consist  of  individual  antennas,  as  well  as  of  groups  of  antennas 
so  interconnected  as  to  obtain  the  required  directivity  patterns. 

The  antexmas  included  in  the  groups  can  be  both  directional 
and  non-directional.  The  requirement  of  switching  the  seotors  leads 
to  the  necessity  of  arranging  the  antennas  in  a  oirole  and  of  using, 
switches. 

The  requirements  that  must  be  satisfied  by  a  single  antenna 
are  above  all  a  sufficient  coverage  of  the  frequency  band.  Con¬ 
sequently,  the  anteaxtas  should  be  broadband.  Individual  antennas 
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should  furtherariore  have  a  dlipectivity  which  is  determiaed 
by  the  use  of  the  entire  antenna  system. 

The  simplest  antenna  is  an  asymmetrical  vertical  dipo- 
.le  (*'1'",  l.S),  which  represents  a  cylinder  made  up  of  a  net 
01  /-?■  ticaliy  suspe::.de'i  wires,  suspended  vertically  on  a  non- 

ooiidu.c tln«  base,  and  .Icined  below  Into  one  coiamcn  point,  Joe 
rcGiatancs  of  the  antenna  matcnes  the  feeder  employed  (uouad- 
ly  75  ohms). 

A  canopy  made  of  a  wooden  ring  is  mounted  on  the  top 
side,  and  the  conductors  are  stretched  along  its  radius,  A 
matching  resistance  is  connected  between  the  cylinder  and  the 

canopy, 

Anterina  operation  can  be  improved  by  using  a  screen 
wa  it.'  of  wire  mesh,  stretched  behind  the  anteruia  at  a  distan¬ 
ce  of  a  quarter  of  the  average  wavolerigth.  An  approximate  dl- 
2'ectivlty  pattern  v..  an  antenna  with  screen,  conaiatin'  of  32 
vertical  conductors  and  a  canopy,  is  shown  In  Fig,  1.9, 


It  is  possible  to  use  in  a  direction  finder  a  rhoobic  antenna 
[^] ,  which  makes  it  possible  to  obtain  oonsiderable  directivity, 
produces  a  ^ametrlcal  output,  and  is  also  broadband.  Hofwever,  for  a 
rhombic  antenna  it  is  necessary  to  employ  a  considerably  greater 
working  area.  As  a  single  antenna  one  can  use  also  a  long-conductor 
antenna  (Beveridge  antenna),  wbicn  represents  a  long  wire  supported 
on  poles.  On  the  end  of  the  wire  one  connects  a  matching  resiatance 
^11/.  The  length  of  the  antenna  should  be  several  times  the 
wavelength  (i^)  to  ten  timaa),  i.e,,  approximately  200  meters, 
Jteturally,  the  installation  of  a  Beveridge  antenna  calls  fen*  a 
largfc  area. 

The  calculation  of  the  parameters  of  broadband  antennas  for 
short  waves  have  been  discussed  sufficiently  in  detail  in  the 
literature^,  2,  ll/. 
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Groups  of  Aatenaas 


The  direotivitj  csn  be  inproved  by  joiolng  ludiYldusl  sataaoss 
ir  grovps.  This  i^^cojoao  particularly  nco^ssriry  if  tiw  Eiag.le 
aatenaas  consist  of  vertical  broadband  dipoles.  For  diraction 
finding  it  is  ascaasary  to  have  two  voltages  from  two  groups  of 
antennas  and  a  device  for  switching  the  sectors  over.  The  character 
of  the  directivity  pattern  of  two  groups  of  antennas  aay  be  different, 
depending  on  the  oathod  of  direction  finding.  It  is  possible  to  obtain 
two  directivity  patterns,  the  of  which  are  in  the  sane 

direction  (Fig.  1.10).  The  antenna  groups  oust  be  placed  in  this 
case  in  such  a  way,  as  to  Insure  the  necessaxy  diiaension  of  the  base. 

If  a  direction  finding  oethod  based  on  Koplit'Jde  cozsparison  is  used, 
it  i,'!  necessary  to  obtain  vcltagea  fJrom  two  antenna  groups,  whose 
directi vi'^  patterns  start  out  in  one  point,  but  at  different  angles 
(Fig.  1.11). 
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Fig.  1.10.  Oireotlvitj  p«tterii  of  tvo  groigMi  of  anUiUMit 
vban  phased  in  ooa  direction. 

Fig.  1.11.  Direotivitj  patterns  of  two  groups  of  antennas 
when  phased  in  different  directions. 


Fig.  1.12.  Arrangement  of  phasing  of  antennas  in  two  gro\g>8 
in  one  direction. 

AA  —  antenna  aiqtlifier,  DE  —  delay  elements,  MN  —  electrical 
axis  of  the  first  grot^)  of  antennas,  M*N*  •—  electrical  axis  of  the 
second  groig>  of  antennas. 
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The  aatsDaft  qyataa  of  a  loag'^aae  radio  diraction  finder 
usually  couaists  of  a  defixdte  number  of  individual  antennas, 

Icccii.ijd  along  a  circle  of  aolectod  radius.  For  example,  in  tha 
Wullemiever  dire  crioa  finder,  there  are  forty  antonma  arranged  in 
a  circle  60  meters  in  radiua. 

£aoh  group  usually  consists  of  four  antennas.  To  form  a 
ff:  'np  of  antennas,  as  can  be  readily  seen  in  the  diagram  of  Fig. 

1.12,  it  Is  necessary  to  connect  delay  elements  between  the  antennas, 
and  these  can  be  made  in  the  form  of  artificial  lines  or  cable 
sections.  To  be  able  to  switdithe  sectors,  the  delay  elements  are 
placed  in  the  receiving'-indicatlog  unit.  The  delay  elestents  oan 
ba  ;!onncct«d  as  shovn  in  Big.  1.13  in  each  antenna,  and  with  this 
toe  wave  resistance  of  the  coxamon  feeder  should  decrease,  depending 
on  the  number  of  antennas  in  the  group. 

The  delay  elements  can  be  connected  also  between  antennas, 
as  shewn  in  Fig.  1.X4..  In  this  case  there  should  be  connected  to 
the  end  of  the  feeder  of  each  antenna  a  resistance  equal  to  the 
wave  resistance  of  the  antenna  feeder.  The  antenna  feeder  should 
be  connected  to  the  delay  line  through  a  decoupling  element  (usually 
an  active  resistance). 

Iteturally,  the  decoupling  element  will  not  make  itpossible 
to  transfer  the  energy  completely  from  the  antenna  to  the  common 
feeder.  The  g^iin  of  the  antenna  system,  when  such  a 
connection  diagram  is  used  for  the  delay  lines,  is  reduced.  The 
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Th*  voltage  trajoaferred  tro$L  oaa  antenna  to  the  coaaon  feeder  ttaaroi^ 


the  decoupling  eleaent  la 


where  2^  la  the  iapedance  of  the  decoopliog  eletnent. 


(1.19) 


Antennas 


CoiiU!iio&  feeder  tq  receiver 


Fig.  1.13.  Connection  diagram  tat  the  delay  eleoenta  in  each 
antenna. 

DE  —  delay  eleaent  a. 

Fig.  1.14*  Connection  diagran  of  deihy  elexaenta  between 
antennas. 

OB  —*  delay  elements. 


Braotioe  has  shown  that  the  resietanoe  of  the  decoupling 
eleaent  ahotCLd  be  four  or  five  tlaes  greater  than  the  wave  resistance 
of  the  feeder,  and  this  will  cause  the  field  distortion  in  the 
coamon  feeder  to  be  aaall. 

The  signal  transaitted  by  one  antenna  into  the  input  of  the 
receiver  will  be  attenuated  by  a  factor  of  four  or  five.  This 
leads  to  a  reduction  in  the  signal  to  noise  ratio  at  the  input 
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of  the  receiver.  Since  several  antecinas  are  conoected  to  the  coainion 
group  feeder  (for  exaiaple  four  or  five),  it  is  found  that  the  signal 
voltuge  at  the  rec-ji^er  input  from  the  antenna  group  uill  be  the 
saaje  as  the  voltage  fron:  the  signal  antenna.  Thus,  the  aethod  of 
connecting  the  delay  elements  shown  in  rig.  1.14  is  less  convenient 
£t“cm  the  exiergy  point  of  view.  Hc'wever,  in  the  circuit  shown  in 
fig.  1.13  it  is  difficult  to  make  use  of  the  signal  power  gain, 
since  tne  wave  impedance  of  the  final  feeder  may  be  very  siaall  and 
difficulties  may  arise  in  transforming  the  voltages  in  the  input 
circuits  of  the  radio  direction  finder. 

The  coanection  cf  the  delay  elements  is  called  phasing  of  the 
entcnnesin  the  group.  When  phasing  in  accordance  with  the  circuit 
shown  in  Fig.  1,13,  it  is  quite  difficult  in  pofactia  practice  to 
obtain  a  smooth  displacomcnt  of  tne  directivity  pattern.  The  sectors 
cen  be  switched  only  discretely.  The  sector  switch  is  shown  in 
Fig,  1,3-5  in  the  form  of  contacts  in  the  circuit  of  each  antenna. 

In  the  case  of  phasing  in  accordance  with  the  circuit  shown  in  Fig. 
1.1-4,  i'^  is  easier  to  effect  a  smooth  rotation  of  the  sector.  How¬ 
ever,  it  was  perhaps  necessary  to  take  energy  considerations  into 
account  primarily,  since  a  smooth  rotation  of  the  sector  is  not 
an  essential  requirement  in  all  cases. 


Antennas 
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Fig«  1.15.  Conoectlon  diagraa  for  sector  switch. 

1,  2f  3,  4,  and  5  —  anteiiQaa,  1*,  2*,  3*,  and  4*  —  switch 
oootaota,  DB  delay  alaoeata. 

laproveoent  of  the  parasMtara  of  the  aoteaaa  aystea  and  of 
ti:u  stability  of  the  directivity  pattern  can  be  obtained  by  using 
grounding.  Usually  it  is  effected  by  means  of  radial  wires  connected 
to  3  concentric  ones.  A  grounding  grid  is  obtained,  which  is 
burled  at  small  depth  (approximately  0.5  meters)  in  the  earth.  The 
grounding  grid  is  located  approximately  at  a  distance  of  one  vme'- 
length  from  the  antenna  circle  acat  on  one  side  or  another.  The 
principle  of  the  grounding  device  does  not  differ  in  this  case  at 
all  from  the  principle  of  the  grounding  device  xised  for  antennas  for 
main  line  radio  communication  at  short  waves/^/. 


6.  MBTHQD6  OP  MSASIRINQ  PH&SS  OIFm£NC£S 

The  block  diagram  of  the  receiving*-indicating  unit  of  a 
phase  radio  direction  finder  represents  essentially  a  high  fl'equency 
phase  meter.  The  circuite  solve  the  problem  of  amplifying  the 
stag  signals  and  measuring  tbs  phase  differences.  Depending  on  the 
method  si  used  to  measure  the  phase  differences,  the  suitable 
circuit  is  chosen  for  signal  ampllfioation. 
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SomatiAea,  far  oonveoiaace  in  the  analyaiSi  it  ia  poaaible  to 
aapraata  segregate  those  blocks  of  the  radio  direction  finder,  in 
viilcli  the  phase  difference  is  aeasin'wd,  ani  otiisr  blocks,  in  whici: 
the  signals  are  aapllfled,  ^ince  the  methods  of  signal  amplification 
in  sector  radio  direction  finders  are  deternined  essentially  by  the 
sasthods  used  to  aeasure  the  phase  difference,  ve  shall  start  the 
mialyeis  of  the  block  diagrams  with  a  stiidy  of  methods  of  oeasurlng 
phase  differences. 

Methods  of  Direct  i'feaaurament  of  Phase  Differences 

In  the  direct  laeasurament  of  phase  differences  between  Ite  two 
voltages,  one  fl^^a  da.fiaite  instants  of  instantaneous  voltages  in 
the  channels.  The  phase  difference  is  determined  from  the  difference 
in  time  for  these  instants. 

The  fixation  of  the  definite  instants  of  time  leads  to  the  need 
for  using  pulses.  Assume  that  there  are  two  voltages  in  two  channels 
J’ig.  1.16),  When  the  voltage  in  each  of  ths  channels  passes  through 
zero  and  starts  rising,  ths  phase  meter  generates  narrow  pulses.  The 
pulses  obtained  from  the  vtiLtage  in  one  channel  are  used  to  trigger 
a  sweep  stage,  the  voltage  f^om  which  Is  applied  to  the  horiaontol 
■jboK  deflecting  plates  of  a  cathode>>ray  ti&>e. 

The  piulses  generated  by  the  voltage  of  the  second  channel, 
are  applied  to  the  vertical  deflecting  plates  of  the  cathode  ray 
tube.  As  a  result  two  pulses  will  be  seen  on  tbs  oscillograph  screen. 
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and  tJoe  distance  bet%ieen  tbasa  two  uHl  Indicate  the  phase  difference. 

The  advantage  of  this  aethod  Is  that  the  compared  phases 
raa-r  belong  to  voltages  that  consist  of  a  very  amall  nuri>er  of 
complete  cycles.  One  can  hardly  e^ct  here  good  interference 
Immunity.  This  method  is  good  in  laboratory  practice,  when 

the  voltages  in  the  channels  are  free  of  noise.  In  practice,  natur¬ 
ally,  the  devices  that  generate  the  pulses  operate  at  a  fixed  level 
of  Input  voltage.  It  is  therefore  advantageous  to  amplify  the  voltages 
in  the  channels  in  such  a  uay,  so  that  amplitude  limitations  can  be 
practiced.  This  vlll  make  it  possible  to  exclude  the  dependence  of 
the  phase-difference  measurements  on  the  Euaplitudea  of  the  input 
voltage 

fit 

fig.  1.16  rig.  1.17 

Fig.  1.16.  Voltage  diagrams  in  two  channels,  showing  the  in¬ 
stants  whan  pulses  are  formed  for  the  measurement  of  the  phase 
differences. 

ui-voltags  in  the  first  channel,  U2  ~  voltage  in  the  second 
channel. 

Fig.  1.17.  Voltage  diagrams  at  the  output  of  dc  generators. 

—  voltage  in  the  first  channel,  U2  voltage  in  the 
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seooad  cbAxmel,  —  voltage  at  the  output  of  the  do  generator. 


It  is  poaelbla  to  aodlfy  ac-iaswhat  tjbo  pulae  aiethcd  of  pbir.50- 
dii'ferenj^  oeasureattia'^  and  to  increase  its  icterfereacs  ya&mthff  by 
employing  integration.  In  this  oaaO)  as  prevbualy»  one  obtains  first 
two  aeries  of  pulses.  These  pulses  ere  then  used  to  trigger  two 
uc  voltage  generators,  with  different  polarities.  The  pulse  of  each 
series  starts  one  generator,  and  shuts  off  tne  other.  The  voltage 
diajp^ams  at  the  output  of  these  two  generators  are  shown  in  Fig. 
1.17.  If  winnmm  we  n<j)u  ooxmect  to  the  output  of  the  generator 
cir'ouit  an  averaging  network,  then  the  polarity  in  the  aagnitudie  of 
the  voltage  at  the  output  of  this  network  will  determine  the  phase 
difference.  The  phase  difference  of  the  input  voltages  can  be 
measured  her©  within  It  180°.  A  pUlsed-integral  method  of  phase 

it 

diff(i!4:€&.c6  aeasurejasnt  has  great  interference  isuMwai^y,  although  it 
does  require  that  the  input  voltages  aontaln  several  dosens  of 
cycles  of  oscillations.  Different  trigger  circuits  can  be  used  as 
generators. 


Goapeneation  Methods  of  Hoasuring  Phaae  ffaranoeg 

The  .Idea  of  all  the  coapei^ntion  i^wthods  is  based  on  cannecting 
into  one  of  the  channels  a  phase  shifter,  which  coii^jensates  fca*  the 
phase  shift  between  the  voltages  in  the  channels.  Versions  of  this 
m’ethod  differ  by  the  aathods  of  compensation.  The  eod^iensation  oan 
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reallsad  «lttoir  attkoafttloallj  or  imnwlly.  lo  addltioa,  irovlsion 
0  an  be  onde  for  different  indloetoire,  which  fix  the  Inatnnt  of 
eliaiaatioa  of  the  origtwd  phaee  ehift.  The  phase  difference  la 
read  direotljr  on  a  scale  that  indioatee  the  position  of  the  oaodle  of 
the  phaee  ahifter. 

In  the  non>eutcaatio  eeraions  of  oonpenaatlon,  Tiaual  or 
auditory  indication  la  uaed.  i  typical  Method  ia  that  of  cosdoixLlng 
the  signals,  in  example  of  this  method  ie  shown  in  the  block  diagram 


Fig,  1.18.  Diagram  of  phase-different  meaetareaent  by  the  method 
of  combining  of  the  signals. 

—  voltage  from  the  output  of  the  first  channel,  Ug  — 
voltage  from  the  output  of  the  second  channel,  BA  —  block  for  aflq>li'- 
tude  balance,  PS  —  phase  shifter,  G  •—  sweep  generator. 

Aseuam  we  have  a  two-beam  oscillograph  with  a  common  sweep  for  both 
beams.  The  direction  from  tha  first  channel  is  applied  to  the 
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vertical  dei'lectlxig  platea  through  a  phase  shifter.  Ttie  voltage  from 
the  secottd  chazuiel  is  applied  to  the  vertical  deflecting  phase  of 
tr;e  p^aond  election  gun  through  an  amplitude -balancing  stage.  Two 
sine  uaves  will  be  seen  on  tiae  screen,  one  under  the  other.  litre, 
naturally,  it  is  necessary  to  synchronize  the  frequency  of  the  sweep 
generator  with  that  of  the  signal.  By  changing  the  position  of  the 
poase-salfter  knob  it  is  possible  to  place  the  sine  waves  exactly 
on«  under  the  other.  It  is  now  poasibio  to  shift  one  of  the  beaas 
vertically  and  to  equalize  the  sine  waves  axi^litudes  in  such  a  way 
that  one  sine  wave  merges  with  the  other,  by  means  of  exact  setting 
of  the  phase  shifter  knob.  The  phase  difference  is  determined  from 
the  p(jsition  of  the  pnaae  shifter  knob.  The  merging  of  the  sine 
wave  ^ives  a  very  high  accuracy  of  phase  difference  measurements, 
approximately  to  1°, 

A  shortcoming  of  this  version  of  signal  combination  is  ttte 
low  operating  efficiency,  for  much  time  is  consumed  in  performance 
of  each  measurement. 

Another  method  of  realizing  the  method  of  compensation  is 
shown  in  the  block  diagram  (Fig.  1.19)  where  a  voltage- summation  sta 
ge  (aummin/:;  unit)  ia  used.  Hers,  too,  one  voltage  is  applied 
through  the  phase  shifter  and  then  to  the  summing  unit,  and  the 
ether  to  the  summing  unit  through  a  network  that  balances  the 
signal  amplitudes. 

It  is  quite  obvious  that  if  the  phase  shift  between  the 
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voltagea  and  tba  aatennas  Is  ssro,  tbs  ssQplitadss  srs  IdsotiaiL,  sad 
shifter 

tlM  phase  afedctk  prodooes  a  phase  shift  of  100**,  thsa  the  voltage 
at  th6  output  of  the  suBaiog  stage  viUlxi  aero. 


awthod  of  eoiapensatloa,  using  a  voltage  auamlng  stage. 

U3.  —  voltage  froa  the  output  of  the  first  ohannel,  — 
voltage  frca  the  output  of  the  second  obannel,  BA  —  aofiditude 
balancing  block,  SS  aunaing  stage,  Reo  reoeiver,  i  indicator. 

The  operator  listens  to  the  signal  at  the  output  of  the  re¬ 
ceiver.  When  tbs  signal  at  the  output  is  detected,  the  operator 
turns  the  knob  of  the  phase  shifter  until  a  ainiaua  signal 

is  prodiiced.  He  then  balances  the  aopUtudes  of  the  voltages  in 
the  antennas,  attaining  a  sharper  ainiaua.  Toe  phase  shift  between 
the  voltages  and  the  antennas  can  be  read  on  the  knob  of  the  phase 
shifter. 

In  the  diagraa  (see  fig.  1.19}  the  dotted  line  ahows  the 
connection  between  the  lodioator  end  the  phase  shifter,  produced 
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by  the  operator. 

It  is  QAturally  possible  to  use  instead  of  a  axianiag  stage  a 
voltK^'e  difference  stiiga.  Tfxls  does  not  chango  the  at  all,  but 

now  an  original  phase  oifforenoe  of  0^  will  corx'cspond  to  a  zero  shift 
in  the  phase  shifter. 

An  ^"*">ortaut  factor  ia  that  when  using  a  suBoiog  stage  it  la 
possiblo  obtain  aaplificatioa  in  one  channel  and  to  increase  ths 
senaitivit/  of  the  setxip.  The  accuracy  of  the  phase'^ifferenoe  oeaaure- 
aenta  ia  not  verse  here  than  in  the  case  of  combination  of  sine  waves, 
and  the  operating  efficiency  is  also  low. 

If  tl'ie  phase  difference  of  the  initial  voltages  changes  rapidly, 
then  en  autoicatlc  measureakBnt  of  the  bearing  becomes  practically  im- 
posslbla.  An  automatic  rotation  of  the  knob  of  the  phase  shifter  is 
however  impossible  to  realize  in  a  circuit  with  a  summing  stage,  since, 
in  addition  to  rotating  the  knob  of  the  phase  shifter,  it  is  necessary 
to  balance  the  amplitudes,  A  system  is  obtained  with  two  interrelated 
controlled  elements. 

Instead  of  combining  sine  waves,  it  ia  possible  to  use  the 
method  of  coobining  pulses. 

Let  us  imagine  two  sinusoidal  voltages,  the  same  as  in  the 
pulse  methods  of  measuring  phase  shifts  .  If  one  of  the  voltages  is 
used  to  obtain  a  circular  sweep  on  the  cathode  ray  tube,  and  the 
pulse  from  the  second  voltage  is  applied  to  ths  central  electrode, 
then  a  circle  with  a  podfau  pulse  will  be  produced  on  the  screen  of 
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the  cathode  ray  tube.  Ae  seen  on  the  block  dlagraa  (Fig.  1.20)  the 
pulse  from  the  secorKi  voltage  is  obtained  in  stages  which  are 
connected  past  tne  pnaae  shifter. 


Fig.  1,20.  Diagrant  for  measuring  the  phase  differences  by 
the  method  of  compensation  and  combination  of  pulses. 

--  voltage  IVom  the  output  of  the  first  cnannel,  Ug  — 
voltage  from  the  output  of  the  second  channel,  BA  —  amplitude 
balancing  block,  PS  —  phase  shifter,  PSN  —  pulse  shaping  network, 
90*^  —  phase  shifting  network  producing  a  90*^  phase  shift.  I  — 
indicatcar.  Amp  —  amplifier. 

Also  applied  to  the  central  electrode  of  the  tube  is  a 
pulse  from  the  voltage  of  the  first  channel.  In  this  case  two 
pulses  will  be  seen  on  the  screen,  directed  away  from  the  center  of 
the  circular  sweep  to  the  periphery  (Fig.  1.21,  left).  If  we  now 
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rotate  the  knob  of  the  pheae  ahlftei;  then  the  eeQond  pulse  will  be 
ahll'ted  along  the  cii'cular  sweep  and  finally  will  nerge  with  the 
marker  pulae. 

The  method  of  combining  pulaea  haa  low  operating  efficiency, 
but  ia  in  many  oases  more  ooneenient.  For  example,  if  a 
pulse  radio  navigation  range  finder  ia  on  hand,  then  the  pulses 
diaoussed  above  are  always  obtained  in  the  raoge~fiiader  eqtxLpment. 
These  are  the  interrogation  and  the  response  pulses.  Conaequently 
it  ia  possible  to  measure  vary  well  the  phase  diffarences  at  the 
pulsa  repetition  frequency,  in  apita  gf  the  fact  that  the  second 
voltage  is  aon-ainusoidal. 

Let  ua  indicate  that  the  instrunertal  accuracy  of  axiy  phase 
met^^r  can  be  increased  in  principle  by  an  unlimitad  number  of 
times  oy  multiplying  the  frequency.  In  the  exmaple  given  above  it  is 
possible  to  multiply  the  pulse  repetition  frequency  and  to  measvre 
the  pnase  difference  with  greater  accuracy.  However,  by  increasing 
the  sweep  frequency  in  the  pulae  method  of  measuring  phaae  differences, 
it  becomes  unavoidably  necessary  tc  reduce  the  lengths  of  tbs  pulses, 
or  else  they  may  occupy  the  entire  circle  on  the  screen  and  the 
measurement  loses  its  meaning. 

>kiltlplicatioa  of  the  pulse  repetition  frequency  and  use  of  the 
pi:ia8e  measurement  method  undovibtedly  contribute  to  greater  accuracy 
of  reading.  However ,  this  accuracy  atiU  remains  considerably  lower 
than  the  accuracy  obtained  when  measuring  phase  differences  at  tha 
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pulM  filling  freqwiioy. 

In  tbB  CAM  of  a  continuous  signal,  there  are  no  {rinoipal 
liai+.^tioas  on  the  inereaae  of  the  instruaental  accuracy  of  phase 
difference  readings,  for  axaople,  by  frequency  aultlplication.  In 
praetioe,  however,  the  possible  instruoental  aoouraoy  of  phaee- 
differenoe  neasureatente  is  always  Halted  and  is  deterained  by  the 
etabillty  of  thi'  apparatus  and  by  the  oandltioos  of  propagation  of 
radio  waves.  In  addition,  In  frequanoy  aultipHoatloc  the  reading 
becoaes  asoiguoua,  and  this  will  require  a  subsequent  perforaance  of 
sevsxvd  rough  and  accurate  auasureaeats. 

Marker 


Fig,  1.21,  Display  of  p'llses  on  a  screen  with  oirole  sweep 
Whan  aeasuring  phase  differannes  by  the  coapeasstlon  aethod  (left 
prior  to  aerging  of  the  pulses,  right  —  after  aerglng), 

IVactiee  has  shewn  that  the  best  accuracy  of  phase^differenoe 
asasureaents  in  various  direotion  finders  usually  aacunta  to  0.1°. 

In  aany  cases  accuracy  up  to  1°  is  quite  adequate.  It  aust  nut  be 
forgotten  here  that  ths  aeasureaent  of  phase  differences  is  usually 
carried  out  in  a  range  of  360°. 
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Floally,  methods  sxlst  for  autoiaatlc  coaipenaatloo  of  phase 
differences.  Tbs  use  cf  an  automatic  compensation  schsate  for  phase 
dil'rt;rences  Is  possiola  vhon  exact  balancing  '-f  tha  voltage  aaiplitjces 
in  tna  channel t  is  unnecessary.  As  is  knovn,  the  use  cf  a  sumoing 
voltage  stage  calls  for  amplitude  balancing.  Consequently,  it  is 
necessary  torrcplace  this  stage  first  of  all  by  some  other  stage 
vrl-ch  wculd  respond  only  to  phase  differences  and  vnich  uould  yield, 
regardless  of  the  voltage  ratio,  a  zero  voltage  at  the  output  far  a 
given  phase  difference.  Such  a  stage  is  a  phase  detector. 

The  block  Cidgram  of  an  auton^tic  con^nsation  scheme  fcci.' 
phase  differences,  using  a  phase  detector,  is  shown  in  Big.  1.22, 

The  princioai  elcoients  of  the  network  are  a  phase  shifter  and  a 
phase  dotector.  The  phase  detector  prcduces  at  the  output  a  dc 
voltage,  pro  port!  cnaj.  to  the  product  of  the  input  voltages  and  tbs 
sine  of  ttw'  phase  shift  between  them.  Consequently,  independent  of 
iic.e  aaplitudea  of  tnt.  input  voltages,  if  the  phase  shift  is  fully 
coep^msated  by  the  phase  shifter,  the  voltage  at  the  output  of  the 
pnase  detector  is  zero. 

The  voltage  fl'oci  the  cutpirt  cf  the  phase  datector  is  applied 
tc  the  motor  control  circuit,  which  rotates  the  knob  of  the  phase 
Shifter.  After  the  Initial  posse  shift  between  the  input  voltages 
has  been  compensated  for,  the  motor  steps.  This  scheme  has  now  a 
higher  operating  efficiency  than  those  considered  above.  Naturally, 
if  the  measured  phase  shift  varies  rapidly,  a  dynamic  measurement 
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•rror  apfMMrt.  Tht  Mthod  of  aMturlog  pboM  difforonoos  vlth 
•utoMtio  eoftponaatioB  bas  a  oartaia  tiaa  lag  built  la,  culog  to  ttw 


use  of  a  fallow'up  drive.  This  tiaa  lag 


t  1  9  *■ «  i  t  •  ^  1  •  «  4  V  <  yg-l  iST «  i  •  «  i  »'«  «  a  s  li«  ««.  •  «  mm 


IBiaa— taffyy laawtthaa  b«  Increased  by  the  choice  of  the  paraaeters 
of  the  oontrdiL  olrcuit  and  of  the  filters  coonected  peat  the  phase 


detector. 


?lg.  1.22.  Block  diograa  for  the  mdasureoeat  of  the  phase 
ciffarecoe  by  the  »ttHthod  of  autooatic  oonpersetion. 

—  voltagr  i'roa  the  output  of  the  firrt  chaaoel,  U2  — 
voltage  froa  the  output  of  the  second  channel,  PS  —  phase  shifter, 
?D  —  phase  deteotcr,  K  —  actor,  CS  —  control  ayartea. 


The  autoBiatic  cco^nsatlon  aoheaie  has  high  interference 
iiaauiilty  and  should  be  used  whenever  a  low  rate  of  variation  of 
the  phase  differences  of  the  input  voltages  is  expected.  The  acovrao;* 
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of  tba  jBMsursaeat  of  tbs  phaao  difference  by  the  oo^;)en8atlon  netbod 
aaounta  to  apiroxliBately  1°. 

The  autcraetic  ccia*pensatl,oa  sc  hen?  tor  the  phase  di  fferoaeea 
loess  the  edvantege  of  the  possibility  of  ciiifr  J  , 

oince  it  necessary  to  upply  to  the  phase  detector  ToItage<«  vhich 
are  already  quite  highly  uaplifiad.  It  is  iapossible  to  connect  the 
phcise  detector  in  the  input  side  of  the  block  diagraoi  of  the  radio 
direction  finder,  for  it  is  potsible  to  obtain  sufficient  gain  at 
dc,  ana  dc  is  necessary  fc?  operating  of  the  control  circuit.  It  is 
probably  aiaipler  technically  to  construot  tvo  Identical  receiving 
devices,  iactead  of  a  stable  amplifier  operating  with  a  dc  gain 
on  tli6  order  of  sevui'al  aillionr. 

Indirect  Nbtbod  of  Measuring  Phaas  !>ifferencaa 

huaerous  methods  of  measuring  phase  differences  ai'e  based 
on  the  trsnsforiiation  of  tte  signal  phase  differences  in  such  a  way, 
ar  to  be  able  to  us».i  the  cjaplitude  ratios  to  determine  the  unknown 
difference,  or  else  to  replace  the  3Jeasur'»meat  of  phiss  differences 
at  high  frequency  by  oeasuraaeat  of  phase  differences  at  low  fre¬ 
quency,  or  else  to  use  some  method  of  indirect  measurewBnt,  Tfae 
easiest  way  to  make  avich  a  measurement  is  with  the  aid  of  a  phase 
meter  with  a  phase  detector,  the  block  diagram  of  which  is  shown  in 

Fig.  1,23.  It  is  seen  from  the  diagram;  that  tbs  two  voltages  are 
to 

applied  u  the  two  phase  detectors,  and  one  of  the  voltages  is 
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shifted  in  plMiae  by  90°.  Aa  a  "eault,  two  do  voltages  are  produced  ut 
the  output  of  tae  phase  detectors,  and  thase  voltages  are  propatrtioaal 
to  the  product  of  tfao  aaplitudea  of  the  input  voltages  and  tht  air.-i 
and  the  cosloe  of  the  pi'iase  shift  angles  respeoti/ely.  It  now 
reioeina  only  to  compare  these  output  voltages  in  magnitude  and  to 
taka  their  ratio.  This  voltage  ratio  is  determined  in  an  indicator, 
which  is  essentially  a  dc  ratio  meter,: 

Depending  on  the  indicator,  different  versions  of  the  scheme 
can  be  used.  The  indicator  may  be  a  magnetic  needle  placed  in  the 
field  of  two  mutuaily-perpcndicular  colls,  fed  from  the  outputs  of 
the  pioaae  detectors  (see  Fig.  1.23).  Usually  the  needle  of  the  phase 
»ter  is  placed  on  a  magnetic  ring  which  rotates  inside  the  coils. 

Tne  coils  are  fed  from  the  outputs  of  ^he  phase  detectors  through 
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rig.  1.23.  3xc.ck  diagram  of  ;.’r*dSc  pc-'.ab 

—  voltage  ll-oiT  th©  output  of  the  first  chiaiiael,  — 
voltage  from  the  output  of  the  aecoad  channel,  90°  —  network 
Wiiich  2/'dJ?ts  the  voltage  phase  by  90*^.  CCA  —  dt.  atcpaifisr,  Xi,  T2  — 
fir^t  j^h£3e  liet^'^stci',  Tj,  —  second  phase  det^iot'^r. 

It.  secttc*  rj/dlo  direction  finders,  operating  under  conditione 
of  strong  intcrfarer.cc  froa  neighboring  stAtions^  it  is  impd-tant 
to  take  the  btaj-ing  at  that  Icstanx,  when  there  is  no 

signal  fb'om  the  interfering  station  (whor.  operating  by  telegraph). 

In  this  case  -be  idge  tijae  delay  of  the  pointer  indicator  may  be 
hariuful.  Tnerefore  in  short-^ave  sectccr  rarilo  direction  finders, 
whic.T  tiave  phase  m'l+ars  vlth  phase  detector’s,  it  is  aooetiaes  better 
to  ’jwe  a  cathode  ray  tube  as  a  ratio  dettetof,  A  block  diagram 
cl  thr*.  i-odicator  is  shewn  in  Fig,  .1,24. 

Aa  ran  be  seen  from  tue  dlagrua,  toe  dc  voltages  I'roa  the  out¬ 
puts  of  the  pa&se  dotsetore  are  comrautateu .  in  order  to  obtain  on 
tix  tidce  a  line  (instead  of  a  spot)  directed  away  from  the  center. 
The  sawtooth  voltages  obtained  after  ccramutatton,  the  amplitudes 
o,f  wh.ieh  are  proportional  to  the  voltages  from  the  output  of  the 
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pfaftar  dateetora,  are  eppULad  to  tha  daflaotiag  plataa  of  ttaa  tUba. 
Tba  phaaa  dift'aranoa  is  dai»ralaad  froa  ths  slope  of  tbe  oa  tlie 
tube. 


Fig.  1.24.  Block  diagrea  of  aa  indicator  of  a  ptase  meter 

with  phase  detaotora  using  a  catbode*^a7  tube. 

'  voltage  ftoa  the  output  of  the  iirst  phase  detector,  u  — 

2 

voltage  fh'oa  the  output  of  the  second  phaaa  deteotor»  Com  —  comautator, 
GC7  —  generator  of  coasmutating  voltage,  I  —  indicator,  )?  — 
reading  of  the  phase  meter. 

The  scheme  with  the  phase  detectors  is  particularly  convenient  when 
the  phaaa  difference  is  measured  at  a  low  difference  fh^equrncy.  In 
tnis  case  it  is  possible  to  ensure  good  stability  of  the  phase  meter 
parsmeters,  to  decrease  the  Influence  of  the  variation  of  capaoitances 
in  the  circuit,  and  to  obtain  greater  interference  rejection,  by 
taking  one  of  the  voltages  to  be  greater  than  the  other.  A 
more  detailed  analysis  of  the  operation  of  a  phase  meter  with  phase 
detectors  and  iadt  a  cathode  ray  as  Indicator  is  given  in  Chapter  VI. 
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0 

rig.  1.25.  Qlook  diagram  of  a  '‘sum  —  difference"  phase 

meter , 

u.  voltage  from  tne  first  group  of  ruitennas,  tu  —  voltage 
^  voltage 

from  the  second  group  of  antennas,  .SS  — ^summing  stage  (sum  stage), 

DS  —  voltage  difference  stage,  90°  —  phase  ahifbing  stage  (90° 

phase  shift),  i  —  first  amplifying  channel,  2  —  second  amplifying 

channel,  I  —  indicator,  v'  reading  of  phase  meter. 

Fig.  1.26.  Vector  diagi=ani  of  the  sum  and  difference  of  tvo 
volza.geH,  of  equal  amplitude. 

A  rather  simple  methiod  of  converting  a  pnaao  difference  into 
a  voltage 

.  amplitude  ratio  io  the  “sum  —  difference*'  method.  A  block  dia¬ 
gram  of  a  phase  meter  operating  on  the  "sum  —  difference"  principle 
is  shown  in  Fig.  1.25.  In  this  circuit  there  are  two  voltages  with 
phase  shifts  and  s'^/2.  When  the  amplitudes  of  these  voltage 

are  equal,  as  can  be  seen  from  the  diagram  (Fig.  1.26),  the  sPm  of 
the  voltages  is 

//^  -  2U  sin  «Jf  cos  ^  ;  ( 1  joj 

and  the  difference  of  the  voltages  is 

2t/cosa>esin-^ .  (1.21) 
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If  oae  of  tba  voltages  is  rotated  by  90°,  say  the  sim  voltage,  two 
in-phase  voltages  are  obtained,  the  uoplitudes  of  'ihich  are  pro> 

;>  'i't '  )aal  to  the  sine  &i*i  coaine  of  half  the  ac‘»le  of  the 
crigloal  phase  shift.  If  these  voltages  aie  r.ow  applied  to  a  two- 
channel  a.ajplifier  vith  equal  pnaae  ahifts  and  with  equal  gains, 
then  the  ratio  of  the  voxtage  amplitudes  viU  retoain  the  same  at 
the  c.utputs  of  the  channels.  After  applying  the  voltages  from  the 
oatput  of  the  anpLifying  clannele  tc  the  deflecting  plates  of  the 
cathode  ray  tube,  we  shall  obtain  on  the  screen  a  diametral  Une, 
the  slope  of  which  indicates  o-'Ol  angle  equal  tc  half  ti»  angle  of 
the  phase  shift. 

tgv« - -tg-r  .  0.—) 

is  the  angle  o&ae  by  the  line  on  the  indicator. 

Hencp 

-  I*  (l.-’3) 

As  can  be  seer,  the  circuit  based  on  the  use  of  the  "sum  — 
differenos'*  stago  bas  no  time  lag,  but  requires  a  two-channel 
amplifier.  When  the  gaiaa  of  the  channels  or  the  phase  shifts  are 
not  the  same,  the  slope  of  the  line  changes  or  else  its  presentation 
on  the  screen  turns  into  an  ellipse.  Any  dettming  of  the  channels 
also  can  lead  to  apparatus  errors.  The  apparatus  errors  of  such 
networks  are  considered  in  greater  detail  in  rubsequent  chapters. 
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The  reading  a^ale  vhen  ualag  tlM  "aum  —  dlfrerenoe**  aethod 
la  reduced  to  ooe  naif.  In  addition,  only  half  of  xhe  tube  8cr<ieA 

ia  uijftd.  In  penoraiLic-  riu'-lo  directicn  finders,  second  non-w:a.king 
half  of  tiie  tube  screen  ia  boat  used  for  rftading  the  i’requanoy  cf  taa 

dlrestioa-fiodixig  radio  stations,  for  axaoi^le,  by  oeasiaring  tne 
lengths  of  the  Unea. 


7.  amplification  ClhCUITiJ  FOR  SIGNALS  IN  LONO-BASE  SHQkT-VIA'/S 
RADIO  DIRECTION  flKSaRS 

In  various-  vaceiv ing-inOioatlng  radio  direc  tion  finding 
echei«3s  it  ia  n^i'reeaisry  to  a54>iif^  the  sigaal-s.  OepecdiAg  on  the 
issthod  chosen  to  saaaure  the  pnaae  differences,  different  suEplifioe- 
t;'.on  circuits  cai;  be  use«  for  tbs  aignais.  It  mast  be  taken 

Into  account,  br,  ^ovei-,  that  tuo  signals  ara’ive  froia  the  antenna 
gi'oups. 

Gons8q-.ifcntiy;  if  no  signal  conversion  is  ijade  at  the  input 
for  the  ptirposo  of  laeaSsn'ing  the  piu!»ca  differences,  it  becoaes 
necessary  to  es^loy  var/ous  two-channel  amplifying  circuits,  the 
principal  ptrybleats  i-u  which  is  the  acpCtiiMc&tion  of  the  signal  with 
retention  of  the  sii:2plitut^.6  and  pbn&e  or  ordy  the  phase  relatione. 

If  siga&l  conversion  ia  praotf-cec,  the  principal  application 
can  be  i«i  on?  cijaancl,  aost  frequently  in  an  inttjraediate-trequeney 
aapllfier  of  a  superheterodyne  receiver. 
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ThuBt  tbs  aaplificatlon  circuit  tauy  be  elAgle-chaouel  end 


tuc^'Channel. 


Pure  SlngXe-CbBoael  Ampllflcaxloa 

The  ter*  "pure  single -chaonel  aapliflceticn"  will  denote  here 
circuits  in  uhich  the  two  aigoels  are  aj&plified  in  one  and  the  sajms 
receiver.  If  the  signals  are  separated  in  tine  (prise),  they  can 
be  displayed  separately  on  toe  indicator  screen.  The  distance  between 
pulses  on  the  sweep  line  will  obviously  deternine  the  difference  in 
phases  of  the  pulse  repetition  frequency. 


Fig.  1,27.  Diagram  of  single-channel  amplifier  with  switching, 
m  —  vcdtegc  from  the  first  group  of  antennas,  u^  —  vclt-age 
from  the  second  group  of  antennas,  and  %  —  synchronous  switches 
at  Che  input  and  output,  Kec  —  receiver,  F  —  filter. 


Pure  single-channel  ao^ification  is  usually  not  employed  in 
radio  direction  finders  with  long  base,  since  it  is  necessary  that 
the  direction  finder  measure  a  high  frequency  phase  difference, aol 
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not  the  phaae  dlTfarence  of  the  pulse  repetition  fk'equenoy,  and  it 
is  furtheroore  necessary  that  ths  ranio  dirsotioa  iindsr  be  able  to 

v,e  uith  a  .Hi;^aai. 

?i2*e  aiagle-channel  aaplix'ieatloa  is  used  in  varioua  radio 
navigation  pulse  agr sterna. 

When  operating  with  a  continuous  signal,  it  is  possible  to 
erfect  artificially  tine  separaticn  of  the  signals  received  by  the 
ar^tennas.  For  this  purpose  it  is  necessary  to  use  a  circuit  incorporat¬ 
ing  suite ning  of  the  output  Aod  input  (Fig.  1.27).  As  can  be  seen 
frea  the  diagram,  the  signals  froa  the  antennas  are  aaplified 
alternately  ir.  time  in  otse  and  the  same  direct  aapllflcatioa  receiver. 
Naturally,  in  this  case  the  queation  arises  of  reaeoibering  the  phase 
of  one  of  the  signals  at  the  output  in  the  absence  of  this  signal 
from  the  input.  The  phase  must  be  mmarlzed  at  that  inatunt,  when 
the  switch  applies  to  the  receiver  tfae  signal  fro®  a  secoad  antenna 
gi'oup.  The  aamorisatioa  of  the  signal  phase  can  be  realised  in 
first  approxlaation  by  means  of  fJJlters  wit.h  xsarrow  bandvidths. 

?cr  direction  finders  with  long  base  at  short  waves,  such 
a  £5ci:iejaB  caiiaot  be  recoa^eaded,  because  the  switching  produces 
additional  cross  talk,  sirice  not  only  the  aaia  signal  is  tranaforiaed 
into  piilsea  at  the  input,  bat  also  ti»  i  signals  from  neighbaring 
radio  stations.  The  width  of  the  spectrum  from  each  input  signal 
is  detarrsdned  by  the  switching  frequency. 

The  spectrum  of  the  output  signal  will  consist  of  discrete 
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baads  ,  tbe  spaoiog  batMaea  voioh,  1a  the  fraqueney  acala,  is  aqual 
to  tba  suitohiAg  ftaquenoy.  With  tbla»  tha  coH^Aanta  of  the  speotrua 
of  a  stroag  ’  radio  statiua  of  neigj3borit.g  freq  j&ncy 

nay  aater  the  reoeivar,  and  produce  croas  talk.  No  &uoh  cross  talk 
is  produoad  if  the  pulsa  sigoais  ara  received  Aroa  the  ether.  This 
deterioration  in  the  interferenoa  rejection  nay  be  reduced  aoneuhat 
by  changing  the  swit-ching  i^equency.  Then  the  signals  of  the  neighbor¬ 
ing  radio  stations  will  ohift  in  the  passband  of  the  receiver,  and 
the  signal  cf  the  station  to  which  the  receiver  is  tuned  will  renain 
stationary  on  the  frequency  scale.  Hoaiever,  an  arrangeoent  for 
changing  the  switching  frequency  toakes  the  radio  direction  finder 
more  complicated.  Thus,  the  schsae  of  single -channel  aaplification 
with  switching  of  the  input  and  output  can  hardly  be  recoanended 
for  use  in  sector  short-wave  radio  direction  linders.  Finally,  there 
are  such  single-channel  aaplification  cirouiUi,  in  which  it  is 
necessary  to  ai$>liiy  only  oxm  signal,  once  the  input  signals  from 
the  two  antennas  are  converted.  Such  a  case  occurs  when  oeasuring 
phase  differences  by  the  coopenaation  pa-inciple  using  a  stage 
for  suoaing  or  subtracting  voltages. 

A  radio  direction  finder  operating  with  such  a  circuit  has 
low  operating  efficiency.  It  must  be  noted  thrt  this  soplifioa- 
tion  circuit  cannot  be  considered  aw  pure  single -channel.  Versions 
of  taia  circuit  will  be  given  below. 
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AaiDllfleation  vith  f^quiBi«cy  Separat*.on 


Anotber  cf  cirouit,  based  on  tbi  aapli f icetJ on  of  a 

siguai  in  a  aingie  ccnrjial,  are  oircoits  vita  twc  ■,  .jlt^gea  cl'  ail^nbly 

differing  frequancies. 

Since  the  differexica  in  tbe  frequsnciaa  of  toe  two  signals  is 
sciall,  the  aitplifier  will  not  prodvKe  any  substantial  poase  in 
atopiitarfe  distortions. 

Let  us  consider  a  jsthod  for  a  single -channel  aaplific alien 
with  separation  of  frequencies  and  double  correrwiicn. 

The  taelc  of  the  circuit  is  to  amplify  two  signals  and  main¬ 
tain  tnelr  phase  relations.  A  slmplifiad  biook  diagi’an  of  the  first 
frj^quency  conversion  is  eaown  in  Fig.  i.2o.  a&  can  be  seen,  we  have 
here  a  lev  freqxj^ncy  and  a  high  frequoncy  heterodyne,  after  the 
ai.x6r  K-3,  the  difference  and  the  sun  of  the  frequencies  ere 

st-parated  by  filters.  The  voltages^  wtdoh  differ  somewhat  fron 

mixers  of 

each  other  in  frequency,  are  applied  to  ordinary  ^superheterodyne 
receiving  channels  M-i  and  M-2.  The  voltages  produced  at  the  out¬ 
puts  of  the  mixers  are  somewhat  different  in  £i*eq>j»ac.v,  and  can 
taei'eTore  be  amplified  in  a  single  ohannel. 

It  is  technically  difficult  to  realize  the  first  converrton 
network,  owing  to  the  compiaxi'^  cf  the  problem  of  separating 
“bio  nearly  equal  voltages  past  the  mixer  M-3.  The  differenoo 
frequency  usually  reaches  sevsralhhundrod  cycles,  and  the  hetero- 
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djm  tfqmaay  lu  s«T«raa  aBg«<7Ql«0.  A  scdutioa  of  this  problw 

of  asparstion  of  sigcsla  of  s'xt  oloae  hi^h 
ii  tiq  iQUcifes  1r  in  practice  throufH  the  use  of  qwrtz 

filters. 

It  is  quite  olsar,  hauster,  that  It  is  necssssry  to  rstuM 
the  r4*caiver>  azid  oosasquently  also  the  qxMcrta  filters.  Gbeiouslyi 
Jn  the  cjsse  of  i,  ■  -otiv  tunioj}  of  the  receiver  It  is  hardly  {>ossibls 
to  reallsi  the  rir;jt*'CoriVei  sioa  scheiw. 


A|  A} 


Pig.  1,28,  First  oonveision  circuit  for  produotior  of  two 
aigaols  wMoh  dlfi&r  slightly  is  frequency, 

end  —  antennas,  M-1,  H-2,  and  M-3  —  alxsrs,  P  — 
filterc,  IP  —  interittsdiate  frequency  amplifier,  S~P  —  low  frequency 
heterodyne  of  frequency  P,  H-f^  —  heterodyne  of  high  frequency  fg. 

The  9ec>^  coavtirsioa  loakos  it  possible  to  obtain  voltages  of  con¬ 
stant  frequency  at  the  output  and  to  carry  out  tbs  anasureaent  at 
low  frequency.  The  second  conversion  ciroxdt  is  shown  in  Fig.  1.29, 
and  the  stages  that  enter  into  the  block  diagraa  of  the  radio 
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dlr«otlon  finder,  vhiob  are  used  prior  to  the  input  '>f  the  oci— on 
interaediate  firequBao7  aaplifier  are  the  aane  as  in  the  circuit  of 
Fig.  1.28. 


r. 


fig.  1.29.  Circuit  for  second  conversion  to  obtain  two  low- 
ft*eqQency  signals,  which  retain  the  phase  differences  of  the  high 
frequency  signals. 

IF  —  oowen  internediato  frequency  r*japlifier,  M-1,  M-2,  and 
M3  —  nixers,  AMP  —  amplifier,  F-1,  F-2  end  F-3  *—  fiitersj  *2  — 
firaquency  divider  with  coefficient  2,  and  —  input  voltages, 
—  heterodyne  of  low  frequency  F^,  —  roltage  at  the 

output  of  the  mixer. 

The  limits  of  varlatlcne  of  signal  frequency  in  the 
intermediate  frequency  amplifier  are  limited  by  the  bandwidth  of 
116  input  filters  (see  Fig.  1.28).  Qj  choosing  ths  bandwidth  of  the 
interaediate  frequency  amplifier  several  times  larger  than  the 
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f^tquBnoy  F,  it  Is  posaibls  to  obtain  srtlsf^otorj  oao&ll'^  of  gain 
ot  both  signals  In  ths  Interosdlate  freqi'ency  amplifier. 

A  broadening  of  the  bandwidth  of  the  interoediate  fy^quancy 
amplifier  atiy  lead  to  the  appearance  of  interference  frc^i  naighbcaring 
radio  s cations. 

juet  us  trace  the  variation  of  the  phase  differences  of  the 
voltages  from  the  two  antennas  in  the  circuita  shown  in  Figs,  1,28 
and  1,29, 


let  one  of  the  voltages  at  the  input  has  tne  phase  shift 
and  the  other  a  phase  shift 


After  the  first  conversion,  the  phase  of  the  voltages  will 


be  respective3.y 


and 


-"ij—fy-fr. 


(1.24) 


Where  and  yp  ai’e  the  phasos  of  the  heterodynes  of  the  high 
and  low  frequency  (see  Fig.  128),  These  voltage  phases  will  be 
rota5.aed  at  tbs  output  of  the  Intericediate  ir*equBAwy  amplifier  after 
amplification, 

Ine  phase  of  the  voltage  from  the  output  of  the  mixer  M-1 
will  cbvioualy  be 

(1.25) 

where  la  the  phase  of  the  voltage  of  the  heterodyne  of 

'  1 

frequency  (see  Fig.  1.29).  Consequently ,  after  the  second  con- 


veralon  of  tba  aigoals  In  tbe  oixers  M~2  and  M>3,  the  phase  of  the 
first  ifoltage,  of  frequency  2?  -  will  be 

n  i'G) 

ani  the  phafle  of  the  3<icontl  voltage,  of  freqi^acy  F^  vlli  ;s 

fefter  conversion) 

V-  (1-27) 

rinaliy,  the  frequency  and  the  phase  of  the  latter  voltage  is 
divided  in  two  and  then  the  nhaae  of  the  voltage  at  the  output 
will  be 


The  diffareace  in  tbe  phases  of  the  output  voltages  and  U2 

will  be 

—  — ,  (1.29) 

frcn  waJch  it  is  clear  that  if  the  low  frequency  heterodynes  remain 
coherent,  and  if  fvjrthsraare  the 

f?;!!. owing  relation  holds 

(1.30) 

3 

then  the  additlonrti  piiase  difference,  which  is  j,T<;jdUice<*  by  siiigie 
coaveraion,  will  be  zeros  The  cchereaoe  of  both  lou  frequency  hetero¬ 
dyne  can  oe  ensarsd  by  obtaining  a  vcllage  of  frequency  ?-  from  the 
h»sterodyns  of  frequcucy  F.  From  the  circuits  shewn  in  Figs.  1.28 
e.m  1.29  it  is  clear  that  the  conversion  of  the  signals  complicates 


t:'  the  receiving  app8r*?tiia,  Tiv?  idf*'  of  slrcpllfyiag  the 

conversion  outwork  iies  in  utJLiizing  laathods  of  additional  sxgnal 
oodttXation  or  heterodyning  of  signals.  This  aakas  it  posaiblj 

to  aieasure  the  phase  differences  at  lo«  frequencies  and  simpPlfies 
t.i.:.-3t<juiitJlal.\y  the  receiving  daeicet*. 


Q^npTa>r.h«nn«iT  Afltplt f tcatiop  vlth  Cottversion  cfSlgnalaby  A3ditlpnal 
Modulation 

Thc-j  block  diagrsja  olL  the  radio  direction  finder  is  shown  In 
Fig,  1,30*  Hera  the  ratio  of  the  phases  of  the  input  signals,  of  high 
fi'eauenby,  la  converteoL  first  in  a  “au®  —  difference”  stage 
l.ato  an  aapxltuae  ratio.'.  Th.  a,ipUtuee  ratio  ia  toon  convertad, 
by  aeans  ofadditlonaimcdulatioa,  into  a  poase  of  an  envelope.  The 
pha.se  oeter  aeasures  the  phase  difference  between  the  voltuge  at 
tne  output  of  the  receiver  and  a  reference  voltage  of  a  Icjw  fre- 
qTjfiiacy  heterodyne,  which  pi*oduces  forced  mcdulaticn  of  the  signaJs. 

The  nagnltuses  of  the  voltages  at  the  output  of  the  "sen  — 
differenoe"  stage  are  deteradLned  by  forKtuas  (1.2C)  and  (1,21). 

After  the  phase  of  one  of  the  voltages  is  rotated  'ey  90°,  we  obtain 
the  following  voltages  of  the  balanced  modtHatcrs: 


(1.31) 


Fig.  l.^G.  iaplii'lcatioa  vlth  slgxial  coovers5.on  by  additional 


jaodiiLation. 


1  and  2  —  antennas,  SS  —  sub*  stage,  CS  —  difference  stage, 
3M-1  and  BJf-II  —  balanced  modulators,  Eec  —  receiver,  5-F  — 
generator  of  frequency  F,  x2  —  frequency  doubler,  1  —  indicator, 

F  —  filter,  90°  —  stage  shifting  the  voltage  phase  by  90°, 


TIm  qpeotrUBi  of  tlM  voltogaa  «t  the  output  of  the  helanoed 
oodulatars  obrloueljr  ooueiete  of  eidebaod  fi^uejulte.  The  valuee 
of  tineee  voltagee  ere 

Vi  ^2UK sin  WttnSt cos  ^ ; 

(1.32) 

«,aK2C//r  tin  WcosQf  till ; 

The  total  Toltage,  if  the  gains  of  the  balanced  aodulatare 
iC)  are  identical,  uiU  be 

aai«B2£/^tin«i<sin^fif-f-i^.  (1.33) 


After  detection,  the  voltage  at  the  output  of  the  receiver  is 

fc^=.O.V8ln(2a<+ii).  (1.34) 


Ths  voltage  of  tiu  low  ftoquaao,  hbterodjoe  la 

(1.35) 


Xtu^sauch  as  the  voltage  on  the  receiver  output  does  not  oonteJn 
the  first  haraonio  of  the  oodulation-freqcsncy  voltage,  it  is 
necessary  to  double  the  frequency  of  the  reference  voltage,  before 
it  is  applied  to  the  phase  xwter.  The  phase  oetor  oeasures  a 
phase  difference,  equal  to  the  differenoa  in  phases  of  the  initial 
high  frequency  voltages. 

This  signal,  conversion  is  conaidarably  sinpler.  Each  balanced 
aixiuLatar  is  aade  uith  two  tidMs.  Ths  phase-shifting  netuorks  can 


be  made  either  vlth  t^es  or  with  resietances  aed  capacitances. 

A  high  frequency  phase  shifting  stage  obviously  employs  tube.  The 

—  difrereaco'*  at-ag-b  can  be  sufficiently  broadband  aud  einploy 
high  frequency  transformers. 

A  ahertcoming  of  the  circuit  with  signal  conversion  by  farced 
modulation  is  the  possibility  of  occurrence  of  additional  apparatus 
errors.  The  inequality  of  the  gains  of  the  two  aodulators,  in¬ 
accuracy  in  the  setting  of  the  phtasa  shift  at  in  the  lew  and 
high  frequency  netwoi'ks  muy  lead  to  apparatus  errors*  which  must 
be  taken  into  acoouat  by  plotting  a  calibration  curve  for  the  con¬ 
version  of  tne  phase  me  tar  readings  into  bearing.  Katiirally,  one 
should  strive  to  oaks  the  apparatus  errors  stable.  This  makes 
it  unnecessary  to  employ  frequent  calibration. 

If  the  ratio  of  the  amplitudes  of  the  input  signals  changes, 
a  direction  find  r  operating  with  a  siiigle-charinel  amplification 
seneme  and  with  conversion  by  additional  modulation  pi-oduces  errea- 
aous  readings,  and  thi.s  is  another  shortcoming  of  this  method. 

Hadio  direction  finding  with  short  waves  is  accompanied  by 
fading  of  the  sigml.  It  is  therefore  more  advantageous  to 
develop  a  phasc-type  radio  direction  finder,  in  which  the  change 
in  the  ratio  of  the  signal  amplitudes  at.  the  input  does  not  produce 
errers  in  the  reading  of  the  phase  difference.  One  such  conversion 
scaome  w5J.l  be  considered  below. 


AmollflcaUon  vith  Slgofll  Goavarslon  by  tt<e  Jjeterodyne 

j&lriQd 

A  block  diagram  of  the  slogle-charmal  amplifier  with  algnal 
conversion  by  the  heterodyae  method  Is  shown  In  fig*  1.31.  The 
voltages  at  the  output  of  the  radio  direction  finder  antennas  are 

tfi  =  (/|SinW;  (1.36) 

^1,  (1.37) 

where  ^  Is  the  phase  shift,  determined  by  the  direction  of  the 
Incoming  signal  and  by  the  length  of  the  base. 


fig.  1.31.  Circuit  for  signal  conversion  by  the  heterodyne 

method . 

HB’A  —  high  frequency  amplifier,  1  and  2  —  Input  voltages, 
PS  —  phase  shifter,  iiec  —  receiver,  F  —  filter,  I  —  indicator, 
G-f  —  generator  of  frequency  F. 


An  electronic  phase  shifter,  which  operates  from  a  low 
frequency  reference  generator,  is  connected  in  the  receiving  channel 


•saoclAted  vitu  om  antenna. 


The  voltage  rt  tbs  generator  output  is 

a 

where  ^  —  initial  phase. 

The  voltage  at  the  output  of  the  phase  shifter  is 

«,  <fj.  (1.39) 

•vet,  ^ 


It  is  clear  from.  (1.37)  and  (1.39)  thai  v-ue  input  to  the 
receiver  will  be  two  voltages^  which  differ  slightljr  in  frequency. 
After  amplification  and  detection,  the  beat  frequency  voltage  is 
separated. 

The  voltage  at  the  receiver  output  is 

COS  (Q^  -  f  f  ( 1 . 40) 


If  we  now  place  a  phase  meter,  which  measures  the  phase 
difference  between  the  reference  voltage  and  the  voltage  f):om  tba 
output  of  the  receiver  (after  first  shifting  the  reference  voltage 
90°  in  phase),  then  the  reading  of  the  phase  meter  will  equal  the 
initial  phase  shift  between  the  voltages  and  the  antennas.  The 
phasemeter  will  indicate  a  phase  difference 

v=-v. 

where  ))  is  the  reading  of  the  phase  meter. 


(1.41) 


?ig.  1«32«  Blook  diagram  of  aleotroaic  phase  ahlftar, 

1  —  input  voltage,  2  —  output  voltage,  90^  —  phase 
shift  stage  producing  a  90®  shift,  B-I,  B-II  —  balaxued 
sodulatcrs,  G-F  —  generator  of  frequBoc7  F, 

The  change  in  the  ratio  of  the  voltage  amplitudes  in  the 
antennas  leads  to  a  change  in  the  amplitude  of  the  output  voltage > 
but  the  readings  of  the  phase  meter  remain  unchanged. 

In  order  to  insure  good  operation  of  the  phase  meter  upon 
Change  in  the  ratio  of  the  input-voltage  amplitudes,  it  is  necessary 
to  install,  in  addition  to  the  ordinary  automatic  gain  control 
circuit,  also  a  circuit  of  automatic  control  for  the  signal  strsngth 
at  the  receiver  output  (low  frequency).  In  this  amplification  schsme 
it  is  possible  to  eaqiloy  an  electronic  phase  shifter. 

The  electronic  pilose-shifter  circuit  (Fig.  1,32)  is  known  as 
tne  circuit  U8e<i  for  separating  a  single  sideband  frequency  in  radio 
transmitting  devlcas^O^*  The  phase  shifter  consists  of  balanosd 
modulators  and  phasa-ahifting  networks. 

If  the  amplitudes  of  the  v(x!.tages  at  the  inputs  of 

ths  balanced  modulatcrs  are  equal  and  if  the  gains  ars  equal,  then 
the  voltages  at  the  outputs  of  the  balanced  modulators  ares 


u^  ~  sin  u>/  cos  2/; 
Ufy  —  L\K cos  u)t  sin  Q/, 


(1.43) 


vhsre  K  is  the  gain  cf  tho  balanced  aodulator. 

The  ijUfluaary  voltage 

=  A'a,  sin  20,  ( I  •  -^4) 

evidently  contains  only  one  sideband  fl*equenc>, 

-It  is  of  interest  to  analyae  in  greater  detail  the  circuit 
>.i)tained  \4han  the  gains  of  the  balanced  fflodulators  are  not  the  aarae, 
and  to  clarify  toe  character  of  the  receiver  output  voltage  for  this 
case . 


The  voltage  at  the  antenna  outputs  can  be  determined  from 
foi’rauiss  (1.36)  and  (1.37).  Let  us  denote  by  a  the  ratio  of  the 
gains  of  the  balanced  module  tor  st 


f<2 

" (1.45) 

ax;d  by  k  t.he  ratio  of  the  amplitudes  of  the  input  voltages  at  the 


antemiaa 


(1.(6) 


ara 


Then  the  voltages  at  the  ovrtput  of  the  balanced  modulators 

(yj/CjSinwf  cos2f;  (1.47) 

coso>/sin27.  (1.48) 
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FarauU  U*37)  cac  ba  rapraMatad  la  •  diffarant  fora 


C/fSin Wcos^?-t  (/jcosw/sinf.  (l•49) 

The  total  voltage  at  the  raceivar  input  is 

[(cos  9 4  k^i  cos  at)  sin  4-  (sin  9  -|>  kaKt  s**'  ®0  CO*  *^1  • 

(1.50) 

If  v»a  denote 

i4  =  cOJ94~^<,cosC/;  (1.51) 

aiv4 

fi^sin9  4-fttiAC,  sinfif,  (1.52) 

tiMo  the  voltage  at  tiie  raoeiver  input  can  be  repfreeanted  in 
the  form 

^i^^^^:(Asin<i>t^Bcosf9t)  (1.53) 

or 

(I.M) 

vUere  is  the  envelope  of  the  hign  frequanoy  voltage 

(1.68) 

Cy ;]  1b  the  phase  er^e,  os  -she  nigh  i^equenc^  side,  the  tangent 
of  vhioh  is 

(1.86) 

The  phase  angle  ^  i  no  aignifioance  to  the  further 

analysis^ 

It  is  nov  necessary  to  datarmine  the  voltage  at  the  output 
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after  detection.  The  amplitude  of  the  envelope  and  tde  p&ase 
are  functions  of  tiiue.  The  i'requBncy  of  variation  of  the  amplltuje 
and  of  the  phase  ;ingl'3  of  the  Hiivelope  are  determined  by  the  fre¬ 
quency  of  the  referetra  generator. 

To  nnalyae  the  detection  products,  we  shall  consider  the 
characteristic  of  the  detector  to  be  quadratic  (for  the  sake  of 
simplicity) } 

Then  the  voltage  at  the  output  of  the  receiver  will  be 

(1.58) 

where  «  is  a  coefficient  that  is  determined  by  the  gain  of  the 
receiver. 

It  is  of  interest  to  know  the  voltage  of  the  first  and 
second  hai monies.  Leaving  cut  the  constant  component,  we  obtain 
for  the  first  harmo.iiic  voltage 

2C/,(y2PAC’, V'eos*?— a-sin^epcos (2/  fare tjz (n tg®)|;  {l.o9) 

and  for  the  second  harmonic  voltage 

(1.60) 

If  the  reference  voltage  is  shifted  ahead  in  phase  by  90°, 
before  it  is  applied  to  the  phase  meter,  then  the  latter  will  show 
the  phase  shift  in  accordance  with  formula  (1,59) 

v--=arctg(atg9).  (1.61) 
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It  foUova  tberafore  that  If  tha  gains  of  tba  balanced 
aodulatu's  are  not  equal,  tbe  oircuit  will  introduce  an  errco: 

^  in  the  oeasureaenta  of  the  output  pnaee  difference 

A9  =arctK(atg^?)  — ?.  (1.62) 

The  apparatus  error  can  be  taken  into  account  in 

callbratiJig  the  radio  direction  finder,  and  it  is  important  here 
that  it  be  stable.  If  small  phase  differences  are  iaeasured,  fca: 
example,  on  the  longer '^ave  portion  of  the  band,  then  by  increasing 
the  coefficient  a  it  xs  possible  to  obtain  an  artificial  increase 
in  tile  scale.  Since  the  scale  of  the  radio  direction  finder, 
i.e.,  the  number  of  degrees  of  phase  shift  between  iioltages  in 
ths  antenna  jjar  degree  of  bearing  of  the  signal,  depends  on  the 
frequency,  then  by  changing  the  coefficient  a  in  accordance  with 
th';  fi-aquency  it  is  possible  to  equalise  the  scale  of  the  radio 
direction  finder. 

In  the  calculation  of  bearing,  it  Is  more  convexiLent  to 
have  a  scale  for  the  phase  radio  direction  finder,  uoich  is  linear, 
howevez',  it  must  be  borne  in  micd  that  as  the  coefficient  adeviates 
fi'om  unity,  the  voltage  of  the  second  harmonic  at  the  input  of  the 
receiver  increases,  as  follows  from  formula  (1.60),  and  the 
amplitude  of  the  first  harmonic  becomes  dependent  on  the  measured 
phase  shift  angle.  Therefore,  if  one  is  concerned  with  high 
stability  axvi  good  waveform  of  the  output  voltage,  the  coefficient 
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a  mu£t  ba  c  no  sen  tc  oe  eqiinl  to  unity. 

An  advaii  f  tr.e  paaac-type  radio  dirocricn  finder  is 

tw'iat  it  employs  tno  principle  of  iwpar'.tinp:  tne  oe^it  1'r^qi.r.c: 
for  tbe  conversion  of  tne  signals,  ratiwr  t:«in  nodulntion  of  the 
signals  In  this  ocnnection,  a  signal  of  only  tuo  .  frequencies 
is  axaplifiod  in  the  receiving  channel,  and  act  of  throe  I'requoncies 
t^cficrier  and  two  sidebands),  as  scours  In  trn  case  of  sigr.al  con¬ 
version  by  additionil  modulation. 

(•■no  other  rcjiark  must  be  made.  In  tno  block  diagram  (see 
Fig.  1,31}  taera  are  shown  ahead  of  the  pnase  shifter  two  high 
I'ro  ^o.-uicy  amplifiers.  It  is  essential  to  have  Lne  two  nign-^>e- 
qoijxicy  urapJlfle^s  at  the  input  tuned  by  a  single  knob  for  two 
reasons. 

First,  txu'  phfljw  shifter  ajiy  attenuate  ttje  oigna.i,  ojid  the 
absence  of  preamplii'i cation  in  high  I'requsncy  may 

d e ter i  /rate  the  .sigxiai  to  noise  ratio  at  tne  r-sceivor  input.  This 
pertains  in  paiticiilnr  to  a  Tochar.ical  phase  shifter. 

Secondly,  txM.  prjcse  shifter  may  be  essentially  a  noniirieor 
eitUttent,  for  ejoampie,  wnen  an  electronic  phase  stiifter  is  used. 

The  presence  of  a  nonlinear  element  at  the  input  of  tha  receiver 
to  the  appearance  of  rrosa-modulation  distortions  and 
a  deterioration  in  the  interference  iutaunity  of  the  radio 


divootion  finder. 


One  muatiut  think,  however,  that  the  presence  of  two  high" 
iraquency  ampiifictiti  'n  stages  at  the  input  of  the  receiver 
elipdr*ates  the  basic  advantages  of  aingxe-channai  ampilTiceticn 
echeoe.  Tm  principal  is  still  in  a  standard  single-channel 
receiver.  In  addition,  it  is  easy  to  laake  identical  two  relatively 
broadbfjad  aapllflnrs  at  high  frequency,  Txie  principal  difficulties 
in  ite  two-cnannel  syateas  arise  when  the  iateriaediate  frequency 
aaijllfiers  are  tu  bs  balanced  in  ptose.  Therefore  'em  use  of 
high  freouency  amplifiers  in  the  pnftse-type  radio  direction  finder 
circuit,  although  it  doe&  oofflp.licate  tbs  circuit  somewhat,  it  does 
increase  sUiatantially  the  actual  sensitivity  of  tte  radio  direction 

*.j»xid9r  • 

IT: Two-Cbacactl  In^Jlificetioa 

Simple  two-chamel  acpflification  is  essential  In  .  realisation 
of  v  hii  method  of  phase -difference  neaaureaent  by  the  ’’sum  — 
difference”  method  '.*ith  s  ortnode  i'ay  tube  as  an  ihdicatcr  (see 
hig.  1,25;.  Both  empiifyiug  chancels  must  satisfy  the  requirement 
of  ei'.;aliby  of  tiie  gains  and  of  the  phase  shirts.  This  squall ty  mvist 
bu  attained  not  only  for  a  single  point  of  the  resonance  characteristic 
but  ^<itiujQ  vtw  ba.sdvidth  of  the  transodt led  freqvMnciea  for  all 
points,  or  else  instrumental  errors  will  appear.  In  various  scheraes 
to  ioeasure  phase  differoaces,  these  errors  will  vary. 


A  detailed  rinal/aia  of  tiae  instaruaiental  errotrs  la  ttm  case 

of  a  twc-ciaancei  acca&m  ia  fciven  in  later  cnapters.  It  wcs  previously 

as.'juiiBd  tuat  vnen  i/je  signal  is  roceiv  jd  jn  Lr.e  I’l-ra;  of  a  a:^-Ai  lo 

carrier  frequency,  the  requirements  iTiposfjd  on  tijfc  coannols  can 

be  relaxed,  compared  vita  reception  of  a  pulae  signal.  It  has  now 
been 

proved,  however,  that  the  magnitude  of  the  instrumental  errors 
remains  approximately  the  sama  Jn  either  ca'wj. 

itnpllficatioa  witn  Use  of  Oriver>?VeGuaacy  Voltage 

A  two-caaruiel  amplification  scheme  employing  a  driver- 
.'lYequency  voltage,  applied  to  the  intermadiate -frequanoy  amplifier, 
is  shown  in  r'ig.  1.3.?.  Ona  applies  here  to  the  lotjuts  of  both 
int.ora»diate-freqi»acy  amplification  channels  a  driver-frequency 
voltage,  wnich  diffars  insignix’ioantly  from  the 

sign-il  frequency. 

The  voltage  appearing  at  the  output  of  the  channels  will 
have  n  frequency 

(’■*»' 

wh'si’e  —  value  of  the  intermediate  freqi^fcncy  during  cotuningj 
fOi  —  the  same  during  exact  tuning  of  tbe  receiver  to 
the  radio  station. 

When  the  receiver  is  exactly  tuned  to  the  received  radio 
station,  then  the  frequency  of  the  signal  in  the  intermediate 
frequency  channels  will  be  foi.  The  frequency  of  tlw  voltage 
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•ppearing  at  the  output  obacMla  vill  be  F, 


Fig.  1.33.  Aa^xULTlcatioo  uith  use  of  driver-frequency 
voltage,  appli^'d  to  the  interoediate  frequency  aaqxlifier. 

M-1  and  M-2  —  Jiimre,  H  —  f  —  receiver  heterodyne. 

O 

DFH  —  driver-frequency  heterodyne,  IF  —  latereediate  frequency 
amjxLifior,  D-1  aai  D-2  —  detectcars,  I  —  indicator. 


Tnere  exLsta  several  versions  of  amplification  with  driver 
frequency.  One  can  apply  the  driver  frequency  voltage  not  to  the 
intermediate  frequency  amplJlfler,  as  in  the  preceding  case,  but 
to  the  inputs  of  the  receivers  (Pig.  1.34)  and  to  use  automatic 
freqi^ncy  control  such  that  the  frequency  of  the  output  voltage 
romins  unchanged.  Here  one  tuns  a  the  drivei’-frequency  heterodyne. 
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Fi^.  1.34.  Two-Cijfinnel  aapUficatioa  of  signals  using 
urivar-it-aquenc'  &P}.>4iad  tc  ttis  r^csivar  inputs. 

and  U2  —  input-  voltages,  Rec  — -  receiver,  F-1  and  £-■.  — 
filters,  AFC  —  autoaistic  frcq-oency  control,  DFH  —  driver  frequenoy 
heterodyne , 


A  plot  of  tfce  nig.aals  on  phase -frequency  chares  ter  isLics 
of  tiie  IF  chaanela  is  snopn  in  Fig.  1.35.  Danoticg  the  phase  of 
heterodyne  of  the  siid:  driver  JtVequancy  by  axad  the  phase 

shJ.f'cs  of  tjae  signal  in  ti»  first  and  second  chaiueis  respectively 
by  and  we  obtain  the  Rdditioaal  phase  shl^t  which  tna 

oigaala  experience  after  aaclificatton,  AasuoBe  that  two  signaitJ 
are  fed  to  t.he  i-siput  of  the  intoresediaie  frequency  aapuifier  with 
e  phaac;  shift  between  thaai  of  tM»  ^  the  receiver,  the 

driver  frequency  voltage  will  e-ipsrisnce  a  phase  shift  g) 

fii  st  channel  asd  ^*’d  -t  <p ^  1^  the  second  ctvstnnel. 

Then  the  phase  shifts  of  the  signal  eiwl  of  the  driver  fre- 
qVi#-r.cy  will  be*  for  the  voit-sgos  at  the  output  of  the  inter ovid late 
I'i-equanc.y  ampiJ  fior  of  the  first  nhaxuul 

^  (1-64  ) 

ai5d  for  the  voltages  at  the  output  of  the  intorokediate  freqijency 


O'’  tbo  second  channel 


-tV  +  fs' 


(1.65) 


scale  ufjen  uaiJig  a  driver  fVequenoy  voltage  in  a  two*^baanel 
aiaplirication  acheoe. 

1  —  phase  characteristic  of  the  first  channel,  2  — 
phaae  characteristic  of  the  second  channel. 

The  detectors  of  the  receiving  channels  separate  out  the 
beat  frequenci'^a  of  the  beats  between  the  signal  and  the  driver 
frequency. 

The  phase  difference  at  the  output  of  the  receivers,  based 
on  tiie  beat  frequency,  can  be  represented  in  the  fora 

(i.ee) 

Thus,  in  a  circuit  with  a  drives  frequency,  the  additional 


phase  shift  in  the  azaplification  is  due  only  to  the  inequality  of 
the  relative  phase  shifts  in  the  channel  between  the  driver  frequency 
and  the  signal  frequency,  and  not  to  the  absolute  phase  shifts.  In 


other  >Jords,  the  resultaat  phase  ahii't  ir  the  aiapuificatloitt  will 

dep-jnd  caiy  on  th.  clfit-.'-s/i.  ss  ih  tr«':  £j/>ped  oi  trjs  pufise  ci^arecter- 
i&tics  of  charui<iisi,  i.'j.,  ch  ths  eqHi-vaicn',,  g  .i  1 

will  be  ijadepeocient  of  the  cfetuhic^.,  Inis  resuit  can  oe  seen  froia 
tne  phase  character iatic 3  ox  tvc  channels  (see  Fig.  1.35). 

Foriauia  can  be  rewritten. 


v»te  I'i'-i 


2(f  A<p, —Afp,. 


{1.07) 


vi.b?) 

in  ci'.ny  r&iio  dlreotioa  I’ltiders  tiie  ro-tiouie,  ucefi  to  fjs.piJi'y 
tnc  aigx^iilH  ^.'.Ith  a  driver  iVequeccy  was  reaxised  sutcessi'uliy.  The 
in  r.n^  pnase  shift  of  the  sigaai.  during  tae  vanl.^  of  the 
receiver,  even  without  special  trim^tiing  o.f  the  cJcanrois,  is  reduitd 
oy  a  .r'aotor  of  roarp.-  ti/aes  ir>  the  pt-esence  of  «  driver  ireqmr.cy ^ 
-■hue,  for  e>mp3«,  ta  cno  of  the  axperii&ehta  without  a  driver  fre- 
qaorcy  crciiiary  receivers  prv:^dVK:.&ii  a  3  80*^'  ph».se  shift,  -.’itn 


a  v-f'-ivsi-  freq»;aacy  merely  .13'’,  witihun  tiis 
qii^hcy  b«4id width. 


interiEadiaw  fre- 


•••iowever,  i-ndependent  of  the  version  of  the  driver  “frequency 
sc'-.c'iK',  the  fcliowing  -gingu^-arities  of  this  sciioEe  should  be  indicated, 
The  stability  of  the  frequency  at  which  the  phase  differshca 
is  /Tieasured,  is  deter.'ained  by  the  stability  of  the  driver-frequency 


beterodyxw.  In  addition,  vhen  tiinlog  tde  receiver  by  tlie  ecbeae 
3hova  in  Fig.  1,33,  the  outyot  frequency  ulll  change  all  the  tiae, 
and  tnls  aay  unfavcaalOy  tae  yp^THtxca  of  Xma  ptese  tiiste’.'. 

Therafore,  schemos  are  ueceseai'y  for  autoautic  reguietion  of  tri- 
driver  frequency .  Th«  priuclpal  value  in  soheaes  uith  driver-fraquency 
v^lt7!.ge8  is  the  uae  of  detectors  in  the  channels.  This  reduces  the 
i  .we;  r^rence  since  the  detectors  can  prcdiise 

•iTcaa  talJc, 

Finally,  t.-^e  drivsr-li’eqv^ncy  voltage  cann-ot  be  used  when 
uoirg  (liiectior.  llnding  by  aeans  of  pulses,  which  require  the 
cf";axxrement  of  tho  phase  dll’feroaca  at  high  froquency,  Consequentay, 
schacias  with  driver  frequency  can  be  used  saocesafuHy  only  for 
direction  finding  by  iseans  of  a  telegraph  signal.  However,  fca’  these 
cases,  it  is  frequently  more  advantageous  to  employ  the  conversion 
Indlcstjd  above,  which  are  aicapler  tc  rwaliae  technically. 
T.;-=i,-ei:ore  scnea»8  wiitAb  driver  frequency  have  a  lAiaited  application. 

In  scheoej  with  driver  frequency  it  ia  essential  to  use 
autois/itic  freqvffinoy  control.  Instead  of  an  autcuaatic  frequency 
cortr-u.  circ^ilt  It  is  possible  to  use  a  two-channel  amplification 
sojieijse,  in  which  tne  signal  froquency  lathe  intermediate  freqvkeacy 
amplifier  will  be  unchanged  dic'ing  the  tuolng  of  the  reoeivar.  Such 
a  echsma  Is  called  a  two-channel  amplification  scheme  with  driver 
heterodyne , 


AagxLi.floatloa  With  Driver  Heterodyne 


A  block  diagram  of  to&  amplification  yarsioa  with  a  driver 
teterodyne  is  shown  in  J.,36. 

As  caii  be  seen,  in  this  tvo-channal  rcheme  of  aapliflcstion 
there  is  a  double  frequency  conversion.  After  the  fli'st  conversion, 
the  signal  taken  froa  one  of  the  intermediate  frequency  amplS.fier 
ohaaneis  is  amplified  and  is  then  niried  with  the  signal  from  an 
additional  heterod/ae.  Th^  resultant  signal  is  used  as  a  heter-xJyne 
voltage  for  the  second  convarsion  in  mixers  H-5  axjd 

After  deterialnijag  the  chajjge  in  the 
pnnsj?  In  th«  saiae  sequence  as  5ji  tbs  aapliftcation  scheme 
witi;!.  driver  frequency,  it  is  possible  to  note  that  the  phase  difference 
between  the  aignais  5>t  the  input  remains  noiapletely  the  sacae  also 
foi-  t.b«  output  voltages,  fhe  frequency  of  the  otEtput  voltages  remains 
uncliAir^rtd  vivsn  the  receiver  is  tuned  or  when  the  signal  frequency  is 
Chang"! ,  and  it  always  remains  equal  to  the  frequency  of  tho 
additional  beterodyue. 

Vhan  reeulaiiig  an  amplification  soheras  with  driver  hetero- 
dyas,  it  is  necessary  to  take  steps  to  prevent  th^e  voltage  from  the 
addir-iojii-^'l  heterodyne  from  entering  the  input  of  the  intermediate 
freaussney  amplifiers,  since  the  tuning  frequency  of  the  intermediate 
frequency  ua^iifiera  coincide  with  the  frequency  of  the  additional 
heterodyne , 

In  directloo  finding  with  a  signal  that  consists  only  of 


one  carrier  frequency,  it  la  enough  in  a  tuo-tjhannel  an^xlification 
achieme  vitn  driver  heterodyne  to  equalize  the  paranwtera  of  theinter- 
mediate  frequency  aapiiflars  in  both  chancels  only  for  one  point  of 
the  resonance  curve. 

In  direction  finding  with  pulsed  radio  signals,  an 

aapiificetion  schemo  with  driver  heterodyne  does  not  give  anj'  sub- 
sTiintial  advantages  over  staple  two-channel  amplification,  since  it 
ie  no  longer  necessary  to  have  identical  channels  within  the  frequency 
band. 


Fig,  1.J6.  Block  diagram  for  the  amplification  of  signals 
vith  a  driver  heterodyne,  M-1,  I'f-2,  M-3,  W-4,  and  K-i)  —  mixers,  IF  — 
ihterciediate-freqviency  amplifier,  f-1,  F-2,  and  f’-3  —  filters,  K  — 
f'g  —  receiver  heterodyne,  AH  —  f**g  ~  additional  heterodyne  of 
frequency  f’'g»  Amp  —  amplifier. 

When  direction  flndixig  witn  continuous  signals,  single- 


f3 


channel  a£apIiflca^.loa  saheiaea  coapote  cticceesf ully  with  tnis  scheaa, 
ka3«d  on  signal  a  inversion.  It  must  be  noted,  ooyever,  tuot  for 
sii:\^i‘3-cria/j'6l  aaplif cn?-.  }  a*  to  ■  t>  u".o vr-z'nvO 

cirt  ztm  eav&lopef  wtieraas  for  atLiplifioatiori  v.lth  a  drivw  hoteruj/ae 
no  dfltector  1 3  needed  and  tuis  possibly  red^jces  tb.e  sex:aiti9 

ity  of  the  circuit  to  uoiee* 


Aivdysie  of 

aiid  OMaaaureawnt  of  ptwist:  difference ^ 
yitii  pulns  .-sjgnait'  it  is  -euivafitagocus 


systea?  f;:*r  aiii-.iifi  cation 
•jnovii  t'*dit  fc'r  dir.. i  ticri  ilriirkg 
to  car-o&ti  t'iz-' rjfianoX  c>ixpiti 


■systems,  but  j.cr  direction  findiiig  for  telegrapa  oign'tl.s  it  i*; 
necessary  to  glvs  praferonoe  to  ain^la-chHjvnGi  aj»p3.ifj.c&tiori  s/ctems 
•-itth  zxgi.iil  vonve;  -jioa  and  vith  '<:-rtasure£aBril-  of  paasu  difi'erenc-e  on 
thii-iov  frequency  side. 


CHAPTHl  II 


SQiQRS  OF  SiiCRT-WAVS  RADIO  DlKECnON  PIHI£RS»  DUS  TO 
GOIIDITIONS  OF  RADIO  WAVE  PROPAGATION 
1.  InFLUENCE  OF  THE  lOiiOSPHSRS  ON  THE  fROPAOATI'ON  OF  RADIO  WAVES 
Any  inveatigation  of  ahort-vave  direction  find era  muat  be 
coiueotad  in  eooB  farm  or  another  vita  a  study  of  the  singularities 
of  propagation  of  shdt  vaves. 

Tiis  most  important  circumatance  is  that  the  radio  commuoica- 
tier,  between  the  tranamltter  and  tlie  direction  finder  is  realized  at 
ehort  vaves  by  means  of  a  ’'sky  ray,**  l.e,,  with  the  aid  of  radio  waves 
which  are  reflected  from  the  ionosphere.  Therefore  the  quality  of 
the  operation  of  the  direction  finder  depends  substantially  on  the 
state  of  the  Ionosphere. 

It  is  known  that  processes  In  the  ionosphere  ure  not  stable. 
The  degree  of  ionization  varies  continuotuJiy  depending  on  the  solar 
activity.  Regular  variations  are  observed  in  the  density  of  the 
ionization  and  the  height  of  the  layers  during  the  day,  the  year,  etc. 
In  addition,  irregular  changes  ocevr  also  in  the  ionosphere,  sometimes 
very  radical  (ionospbario  stc~*ms),  wh’cn  may  coapC.etely  inteTTUpt  the 
radio  communloaticn.  Even  in  the  normal  state  of  the  ionosphere,  there 


are  irregularitiea  in  it  in  thr  form  of  c.^ndecaations  of  ioniaation  — 


”i  n  '■-lo'jria, "  Viiicn  ilovc  r^lAtiv‘jj.y  rapidly  both  Ln  a  narizont.iU  tnc! 
in  u  vertlcfd  direction.  Ir  'nor  t~v.v;6  r-idi'.  linrs  .:f  ti>j  c.  ^riur.  -• 
tion  tyye,  \jrjb  oifeot  of  icnospr.oi-ic  irregulfiritias  .'jarili'est 

it3e;..f  in  t.rio  well  known  fadings  of  tae  signal.  T-is  Hffect  of  ttw 
o.wsrac-oeristics  of  x.U'  i<.noopnare  on  navigational  radio  lin--s  is 
.!\i  l  e  c.impiacated  ard  hns  b-ion  lees  studied. 


r-.L’  t;.o  singularilxas  in  dlrcet,ion  fifidlng  .it  snort  w.-ivos 
ov.  must  ?^'So  include  the  subsTantial  influence  of  local  objects, 
tile  siaea  of  w.'iicn  are  coaipoi-ablQ  with  the  wavelength.  This  circ\im~ 
rtanaa  enwt  oa  taken  Into  acouunt  wnan  ch-.  ooing  the  location  for  Ine 
olroction-flnding  3T,stl  jr-s. 

wo  consider  hslcw  the  charactoriatic  eiu'ors  that  arise  whan 


iuoanir  .*ng  boai'iu|;s  st  short  waves,  and  also  certain  laetnods,  aimed 
at  increasing  tno  accuracy  of  tiio  cii-ectim  finding. 

‘fno  anaiycis  is  carried  out-  essentially  as  applied  to  loag- 
boro  i.  ■.r-?'v:  fiejers,  al  t  'tougn  laar^'  of  too  ccriclusions  remain  in 

:  .  ..so  .f-.r  ctne:-  ty;A3s  rf  rilrccticr.  fix'dera. 


iltkOHS,  DU?;  TO  GINGlEJUlITISc;  ID  THa  PHOfAGATlUN  OF 


In  ccnsidorir.g  the  ioncspnor^  as  a  honegeneoud  ionised 
re. don  in  n  horizontal  plane,  it  is  possible  to  analyze  questions 
o.f  .^-hort-wave  radio  communication.  However,  such  an  analysis  cannot 


contribuU  to  an  axplanaUoa  of  many  ptencaena  which  arise  in  direcUon 


firming  at  snort  'waves. 


Iw  was  r  ;-'-u  it:  i-'"-'---;*  "■ 

contains  local  coadwnsaiioua  oi  ioniaation^y ,  1>»  1^ »  wont 


ionosphere  is  inhomogeneous  nox  only  in  a  vertical  -  plane, 

h>it  also  in  the  aortaontai  plane.  The  variation  of  the  ionlaatioa 


fig*  2,1.  trajectory  of  propagation  of  a  radio  beam  whan 
liio  r^, fleeting  layer  of  the  ionosphere  is  Jaioiir.ed. 

H  —  piano  of  t'xi  earth,  I  —  plam;  of  the  reflecting  layer 
of  t':ia  ic-cc sphere 5  A  —  transmitter,  3  —  direction  finder,  0  — 
print  of  reriectioa  i*  at  e  horisontai  reflecting  layer,  0*  —  point 
of  refi-oction  at  an  inclined  iayei,  ^  Q  —  error  la  tne  determination 
ex  i r^arir^g  —  "azror  diK  to  lateral  deflection,** 


deosit^  1a  tiM  horiaoatal  dlrectioo  leadR  to  the  cxarvlAg  of  the  equal 
loolzation  density  surfaces,  i.G,,  to  a  curving  or  to  an  Inclination  of 
the  surface  of  the  lefiaotiiig  layer.  Tnls  causes  tr»e  propagatior.  cf 
the  reflected  radio  vaves  to  deviate  from  a  great-circle  arc.  In  this 
case  the  conditions  of  reflections  recall  in  general  “mirror  reflection,* 
and  the  plcme  of  the  “mirror"  is  so  to  apeak  inclined  to  the  earth*3 
sii'faco  (-'^ig.  2.1;, 


Fig,  2,2.  Projectj.on  of  the  traiecti:»ry  of  the  radio  beam 
)n  the  verticiL  and  horizontal  planes. 

y]  —  angle  of  inclination  of  the  reflecting  layer  of  the 

W 

ionosphere,  R  —  distance  between  the  direction  finder  ajid  the  trans- 


■itter)  h  —  affective  height  of  ttka  ref?ectlng  layer. 


When  the  reflectiuig  iay&x'  occupisa  a  horiconteu.  p*w/6i  tiioii , 
the  radio  beam  propagates  aloxjg  the  path  A03.  Txie  horiaontal  projection 
A3  give a  the  correct  diraction  to  the  transmitter.  If  the  reflecting 
leo'^er  ie  inclined,  the  point  of  reflection  is  shifted  and 

radio  b-3am  prcpiigatsa  along  tnc  path  AC*.' .  The  horizontal  projection 
cf  t.ie  beam  at  the  point  of  reception  B  does  not  snow  the  true  direction 
to  tna  transaittar  A.  An  error  ^  6*  appears  in  the  maasuroment  of 
t‘ic  bearing. 

Tha  bearing  errors  vhich  are  due  to  the  inclination  cf  the 
reflecting  layer,  ai-e fSrequently  called  errors  due  to  lateral 
inollnatlon. 

Fig,  2.2  shovs  projectioac  of  the  path  of  beam  propagation 
on  verticei  and  horizontal  planes.  Proa  the  diagram  one  can  find  an 
apcrcxixttate  relation  betveen  the  inclination  of  the  layer  in  the  bearing 
error  A  6*  ,  assuming  that  the  angle  is  small. 

From  ele-Ticntary  relations  ue  nave 

(2.1) 

vhere  R  —  distance  to  the  radio  direction  fixiding  station^ 

h  —  effective  height  of  the  reflecting  layer. 

As  follows  from  geometric  considerations,  the  magnitude  cf 

ti*e  lateral  aeflection  errors  deersases  with  increasing  distance 

as 

almost  iyperbolically  mMi  a  once-reflected  beam  is  received.  As  the 


Multiplicity  of  reflection  increased)  tte  errors  d\ie  to  lateral  incli¬ 
nation  iacrease/io/.  Thus,  in  tne  case  of  double  reflection  from 
tm*  ionosphere,  the  error  in  xhe  iicaa'-ireaent  of  the  bearing  ij  g.'.yon 
by  tne  formula 

4e&-^(T|,+3?;.).  (^.2) 

r\ 

wfiere  2.  ^  2  —  englee  of  transverse  inclination  cf  icaoa- 

c;  re  in  the  first  and  second  reflection  joints,  aeasuring  from  the 
t:  salt  tar ; 

«  —  altitude  cf  tft«  layer  at  tne  points  of  reflections. 

In  the  derivation  of  fiqs.  (2.1)  and  (2.2),  tna  earth  and 
tbo  Ionosphere  are  considered  a;rbitrai‘il/  as  plane  .  Tnis  approxiioaticn 
is  valid,  naturally,  at  ana  11  distauiccs,  but  the  prlacipal 
roLat;ii:ns  remain  con-act  also  in  tne  general  case,  Tna  inclination  of 
the  lajfer  at  the  second  point  of  reflection  affects  the  errfjr  of  tne 
renriac  more  sti’ongly  tnax;  the  inclination  of  the  layer  at  tfie  first 
y:.ir.x.  Naturally,  at  equal  incliaaxions  of  the  layer,  the  direction 
finding  cf  a  slngly-re fleeted  beam  can  insure  greater  accuracy  than 
direction  finding  vith  th^  aid  of  ioubiy,  triply,  etc.  or  uuitiply 
reflected  heaas  at  equal  distance. 

The  errors  dus  to  lateral  incllnati  on  are  paj'ticuiarAy 
substantial  at  small  distaiices,  comparable  vjita  the 
height  of  the  layor.  At  distances  on  the  order  of  300  kilometers, 
the  errors  due  to  lateral  inclination  reach  tens  of  degrees  in 
beiarihg  (when  operating  with  the  F  layer  lader  normal  conditions) 


and  exceed  considerably  all  the  reioaining  error  of  the  radio 
dlrectioA  fincier/16/.  This  circumstance  iaakes  it  possible  to  in¬ 
vestigate  the  "lateral  inclinaxlons'*  of  tne  icncspnare  with  tc»>  a:  i 
of  radio  direction  fioders;  mounted  at  small  distances  from  the 
transmitter. 

As  a  result  of  experimental  investigations,  it  was  estab¬ 
lished  that  the  inclination  of  the  reflecting  layer  is  a  random 
quantity  with  zero  average  value  and  with  a  mean  squared  value  of 
approximately  1°.  The  average  period  of  variation  of  the  inclinations 
is  20  to  40  minutes. 

Measurements  of  the  bearing  of  reflected  waves  have  made 
it  ponuible  to  detect  also  another  typo  of  ionospheric  inclinations 
with  a  daily  period.  Theii*  appearance  is  connected  with 

periodic  variations  of  the  ionization  under  the  influence  of  solar 
radiation.  Th^sc  incXinations  are  particularly  noticeable  on 

routes  in  a  moridiOJial  direction  in  aica*ni.ng  and  evening  hours, 

B?q>erimerts  have  confirmed  the  reduction  in  errors  due  to 
lateral  inclination  with  increasing  distanco,  aarl  the  independence 
of  the  values  of  tho  er-ors  on  the  paiamotors  of  the  measuring 
apparatus;^,  167.  Mahy  iiivestigators  believe  that  the  error  due  to 
lateral  incllaation  limit  the  maximum  accuracy  of  short-wave 
direction  finders,  Srrers  due  to  lateral  inclination  are  not  the 
only  type  of  errors  in  direction  finders  which  are  connected  with 
the  influence  of  ttjs  ionosphere.  The  whole  series  of  other  types  of 
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errors,  both  gystematic  aad  randoai,  ai’isicg  d'jruug  v»ork  with 

I'i llear^ecrradio  waves..  na'Jii  E'r'i.n  . 

cy  c.i 

A  syatemetic  criai  ing  err>'.r  .ioy  sjlks^x  s.  c  ,  oi  -..o  -e- 

jectory  .of  tjJfe  radio  bcaiC:  untiar  the-  ihliviuice  cf  thfc  osirvh'i^  ‘risgnctxc 
field, /4/.  H'^wever,  th6j3o  arrera  can  be  nolLco&o^e  only  at  esti  - 


■.'.1-tanoes  betviv-n  tr^nEriitxer  and  receiver  aad 


nave  n.. 


erret  eignifirr^nce  on  lor^:;  iines, 

Jhort-wa,  e  directioa  finder  a  are  ciiaj-'acctriicd  by  a 
polarization  error,  v.-'JLon  app«a:^'3  when  tne  ncriz.ontpJ.  censponsfiX  ot 
i.(ie  fiold  acts  on  the  iseier  ayatcra  of  the  direction  firjder . 

The  pels octi  '-n  errors  ari&e  bcoa-ise  of  t;;e  presnncG  of 
a  r..ri.2ontal  c:jn:poheht  of  tne  elecn'ic  field,  which  appfjars  upon 
I’efieoticn  frooi  tne  ionoephei'u.  It  isust  be  eup^iia sized,  however,  that 
tc-c  0  0  of  tn'.  Jit  norioontai  ooaiporjent  of  too  Herd  by  the 

aotvf _f  tikj  d5r'ection  findet  itself  not  only  does  not  ieaa  tc 
tee  e^ppearance  of  an  error,  but,  to  tne  contrary,  rijay  be  uoafui,  Tojc 
ari’es  ,Ls  due  excluoively  to  reception  by  tne  feeder  g;,'steia 

fiS  a  rusolt  of  the  raceptior  by  to.e  feeder,  two  electrc-- 
'i.'tive  fer  rea  will  act  nt  tiki  iaptet.  of  eaah  of  tnr  eiianr.els  of  the 
radio  direction  fintjera.  One  o,f  these  will  be  inciueed  in  the  antenna, 
an..’  tae  other  in  the  feeder.  The  p^iase  snlft  betuean  these  voltages 
is  ranricai  and  varies  reiativ-ely  rapidly  with  tiiae.  Trds  causes  the 
bearing  indicator  to  start  fluctuating,  i.e., 


iCfcavn-’ement  of  the  beai'ing. 


an  e.rror  appears  in  the 


The  signal  reflected  lYom  the  ionosphere  arrives  at  the 
di?-GC.tion  finder  laakLig  a  certain  ait’le  with  a  horiaontai  plane 
(toa  Fig,  Ua).  This  <  tr zuar’tance  may  cuaae  trm  gc-’aH^d  altitiMC 
error.  The  reelings  of  the  phase  direction  fi-nder  tu'e  connected 
with  the  djLreotioa  of  arrival  of  the  signal  by  means  of  fcaraola 

w.hlch  daterriiaea  the  phase  difference  between  the  signals  in 
t  '  erntennaa.  Tije  dep^tndence  of  the  altitude  error  on  the  aaimuth 
■uiti  elevation  angle  is  dcteriained  by  furaiula  ^1.16). 

Wf;  see  that  the  angle  O  can  be  determined  exactly  if  we 
khc'V  tne  angle  |d  .  In  the  contrary, case,  the  angle  ic  aasijmed  to 
be  t'ci'i'.bant  and  oqi,'al  to  a  aadt  certain  average  value,  whicn  is 
cmr^ctcristic  of  the  given  radio  line.  Hare  obviously,  an  altitude 
error  la  intrexioned,  depending  on  the  difference  between  the  aeaumod 

A 

and  scti.ial  values  of  tne  single  (*^  . 

A 

If  does  not  axcood  20  ^0^  and  the  aeasiceawnts  are 

} 

carri  id  ouv  in  a  aai'i'ow  sector  near  the  perpendicular  direction  to 
tns  base  o'.‘  the  direction  finder,  tho  altitude  error  can  be  neglected. 

If  it  is  nscassai'y  to  siimlriate  completely  the  aitituds 
srrer,  additional  mtja?.urem»vnts  of  the  pitass  difference  can  be  mado 
yith  a  (lL;-action  linaex  ,  whose  base  is  perpeuoiculdr  to  the  direction 
Mt'?  ifid-  2.3). 

In  this  case  the  piinse  difference  is  given  by  the  formula 

f,~-^“cos^cos0,  (2.3) 


?3 


Solvlxig  Bk^a.  (1.14)  aad  (2.3)  simultajQeouslyj  it  ia 
possible  to  elijainatta  the  angle  and  to  dstarffline  the  bearing 
accurately. 

At  short  vaves  there  are  always  received  at  the  joojk  re¬ 
ception  point  several  radio  beans,  reflected  from  different  regions 
of  the  ionosphere.  The  bearings  and  elevation  angles  of  the 
different  beans  will  also  be  different.  A  short-wave  direction  fintier 


always  operates  in  a  "complex'*  field,  which  consists  of  many  '•simple'* 
plane  waves. 

The  analysis  of  the  operation  of  a  phase  direction  finder 
in  the  field  of  a  complex  signal  shows  that  the  position  of  the 
hearing  indicator  w.ill  be  determined  at  each  instant  by  the  directions 
of  arrival  of  the  individual  beams,  their  relative  power,  ArK3  the 
piiase  shifts  between  the  voltages  due  to  different  beams. 

The  phase  shifts  vary  quite  rapidly  with  time.  This  causes 
rapid  fluctuations  in  the  beerixig  indicator.  The  rapid  fluatuatlocs 
are  carried  out  about  a  certain  average  position,  which  can  be 


Fig,  2.3.  Deteraaiftfttion  of  altitude  error  of  a 

direction  finder. 

M  and  N  —  direction  finder  antennas,  d  —  direction  finder 
base,  p  —  elevation  angle  of  radio  beam,  0  —  bearing  of  radio  beam, 
oiaasured  from  the  direetina  of  tbeperpexxiicular  to  the  direction-finder 
base.  0  ’  —  bearing  in  the  inclined  plane. 

The  simultaneous  action  of  many  beams  cavises  the  appearance 
of  interference  errors  In  short-^ave  direction  finders.  Tne 
appearance  of  interference  errors  is  i'roquently  accompanied  by 
changes  in  the  amplitude  of  the  signal  in  the  antennas  (fading). 

There  are  many  reasons  for  the  arrival  of  beams  with 
different  directions  at  the  reception  point.  The  five  most  ciiaraoter- 
istic  cases  are  illustrated  in  Fig.  2.4. 

At  large  distances  to  the  transmitter,  the  propagation  of 
»dio  waves  may  procead  over  dii'ferent  paths.  There  may  arrive  at  the 
point  of  receptions  singly,  doubly,  and  multiply  reflected  beams 
from  tne  ionosphere,  (see  Fig,  2,4a).  The  points  of  reflection  of 
the  different  beams  will  be  aapart  by  many  hundreds  of  kilometers  in 
a  horiaontal  direction.  Naturally,  the  inolinaticns  of  the  layer  at 
different  of  the  reflection  are  different  in  magnitvde  and  their 
relative  values  vary  independently. 


Conaeqiauntlj^  toe  inclinations  of  the  singly,  doubly,  aori 
raUitirly  rt; fleeted  beans  'will  be  different  and  indepenient  of  each 
ctner.  Hiftsureaenta  have  3.‘-iOi4n/14,  15/  tiait  tne  dliference  in  l:-;ar.:ngs 
of  rays  of  different  ni’lLtiplicity  of  reflection  La  characterized  by 
a  mean~aquarod  'valua  of  2  —  4  degrees  at  distances  of  apjroxi- 

ICO  kil-'^meters. 

Reams  refiseted  from  different  laj^ers  of  tne  ionosphere 
(tie.0  Fig.  <.4b)  aiay  arrive  fVo.n  different-  dirnctions.  The  latsi'sl 
inclinations  npen  reflection  from  tho  F  layer,  are  as  a  ride  larger 
^han  upon  reflection  from  th«  E  layer  or  f^om  the  sporadic  Eg  layer. 

It  is  knrwn  that  upon  reflection  from  the  ionosphere  the 


beam  breaks  up  into  an  ordxnary  component  o  and  extraordinary  cora- 

ponsnt  X.  The  directions  of  ar-rigal  of  tns  two  ajagneto-ionic  components 

of  the  sigpial  (o  and  x)  nay  be  different,  aa  a  result  of  tno  difference 

iji  the  norizontal  gradients  of  ionization  in  the  region  of  reflection 

ci'  orditsai’5'  and  oxtiaevrdinary  been  (sea  Fig.  2,4c). 

Toe  presence  of  local  irragularities  la  the  ionization  lea(& 

to  tne  appearance  of  scattered  reflections  (sea  Fig.  2.4d)  which  shows 

a  projection  perpcndlcvlar  to  the  diructinn  of  propagation). 

The  scattered  reflections  may  arrive  at  a  considerable  angle 

to  tae  diiection  of  t.ne  principal  signal.  Inclinations  up  to  30  — 

50  in  aziauth  have  been  observed/^.,  The  lao on-squared  inclination 

can  be  estimated  to  be  5  —  7  .  Scattered  reflections  are  characterize 
by  a  signal  power  which  is  one  or  two  orders  of  magnitudd  lass  than  lUe  po 
of  the  main  signal  under  normal  conditions. 


Ionosphere 


P  Ionosphere  S 


Earth 


A.) 

Fig,  S.4»  '■pauses  of  foriBs»tion  of  a  oojapiLex  field  at  short 

waves. 

a  —  joultipie  scatterings,  b  —  scatterings  firoia  different 
layers  of  the  ionosphere,  located  at  different  altitudes,  c  —  magneti 
splitting  of  the  beams,  d  —  reflections  from  amall  irregularities 
and  scattered  reflections  of  radio  waves. 


The  reflected  signal,  even  when  the  ionosphere  is  in  quiet 

state,  consists  actually  of  n  ojsdle  cf  rays,  which  are  reilec':ei 


sc  h'  ccesk  ircr.  a  reus;-  Such-ce  h'ce  >-eulr.'.  a  of  Fi"'.  h. 


3.  Iv!ETKCD3  OF  nlZDuClNG  IKTFRFERFKCE  ERRORS 

.vi  view  c£  the  ftict  0  at  Oit-  :Tror:e  atie  to  peeuliaritie?  in 
li  le-opaetuioii  </  nhort  v'n'n.  t  netefvrine  to  a  consitierahl-''  e'-".- 
tl'e  n\/erail  accuracy  of  the  direction  finder,  tine  htereet  that 
attacher  to  possible  njothods  of  reducing  these  errors  is  quite 


erstandablc*. 


Ae  have  already  Indicated  abev'-  that  iKe  errors  due  to 
latcr-al  inciuiatlon  limit  the  rnaxhnuin  accuracy  of  the  dirccticr. 
find;;r;.:.  Inis  is  cue  to  the  fact  that  up  to  now  no  satisfactory  method 
has  Seen  found  for  raducinn  errors  due  tc-.  lateral  •Ticilnaticn,  It 
musr  oe  ertddia:- i2,‘:d,  however,  that  at  large  distances  the  relative 
share  ^,;f  errors  due  to  ia.eral  inciination  decreases.  Therefore  the 
rnduci.ion  in  errors  of  other  types  may  also  give  noticeable  results. 

Many  investigations  devoted  to  a  reduction  in  polarization 
■errors  have  been  reported,  in  view  of  this,  wo  shall  net  dwell  on 
triis  rr;attor  in  d^^tail.  Wo  shall  merely  iudi<tate  that  a  roductior:  In 
roiariuaticn  error  is  attained  essentially  by  thorough  shielding  of 
the  t.'  diri's,  or  oiso  by  using  a  symmelricaliy  balanced  feeder 


iVWthods  of  reducing  the  altitude  errors  are  relatively  well 
kro'.vn.  As  btdicatod  in  the  preceding  section,  T.he  altitude  error; 
doert-  ises  considerably  upon  going  to  sector  direction  finder  or 


91 


else  can  be  oliininated  in  direction  finding 


by  means  of  two 


mutually -perpendicular  bases . 

The  accuracy  of  uirectic-u  fin  iers  may  be  Increased  cor- 

siderabiy  by  reducing  iid-cri'erence  ec'crs.  Interrerence  errors 

:  arise  because  the  direciion  linder  receives  a  large  number  of 

beacjO  frorc  jtfferon!;  dircoticns .  Therefore,  in  crier  r.o  reduce  the 
co'rors  il  is  necessary  to  separate  by  son>e  means  or  other  a  portion 

of  hue  b'c-arris  tnat  arrive  at  the  -direction  finder  along  the  shortest 

path.  On  the  otljer  side,  the  ir.terference  of  many  beams  r'rSuT.s  in 

rapivd  fluc.tuaticns  in  Tne  bearing  indicator.  Investigations  have  shov/n, 

that  if  the  brrarlng  reaaings  are  averages  over  a  certain  rime,  t.he 

accuracy  of  direction  finding  also  increases. 

Let  us  consider  in  crreater  detail  cortodn  methods  used  lo 


reduce  interference  errors  of 


■:hcrt-v/ave  directior;  finders. 


Spatial  selection  of  the  signal  is  realized  by  choosing  a 
corresponding  directivity  pattern  for  tlie  antesma  system  of  the 
direction  finder.  T'he  direct.ivity  p;atterr;  c-f  the  antennas  is  be.st 
cl:Osen  in  a  vertical  plane  i’.i  such  a  nranrier  as  to  increase  the  intensity 
of  reception  of  beams  that  arrive  at  small  angles  to  the  horizontal. 

H  i.s  easy  to  note  that  at  a  given  distance,  the  beams  arriving 
at  small  angles  will  be  those  that  exp-'erienced  the  smallest  number 
of  reflections.  The  direction  of  arrival  of  these  beams  is  closer  to 


the  true  direction, 


Experiments  show  that  re-radiation  from  local  objects, 


scattered  over  a  large  area  at  distances  np  to  several  kilometers 

frcrr,  the  c-rectiori  t-aider,  cause  an  error  of  approximately  0.26^ 

in  th"  bearing  rnoasuremeut.  at  a  frequency  of  10  Mcs  and  Cub'  a:. 

5  Mgs  at  small  values  of  elevation  angle  and  wnen  the  signal 
direction  coincides  approximately  with  the  symmetry  axis  of  the 

dlr‘"otiori  Under.  These  measurernGnts  werr,  carried  out  with  a 

,00  ccTon  finder  having  an  OO-rn-.'ter  ba.se  with  r.on-directlorial  an- 

iecntis/}]/.  If  the  directivity  cf  the  antennas  is  increased  in  the 

horizontal  plane,  the  error.s  maybe  reduced  considerably.  In  this 

case  t'ne  dircciiCii  finder  becorties  the  sector  fir.der.  The  workuig 

sector  of  the  direction  finder  can  ne  shifted  as  cenverient,  if 

necessary  for  normal  cpe-ratlon.  As  the  directivity  is  increasec, 

bearing  er’-ors  due  to  scattered  reflections  also  diniinlsh. 

^r’he  extont  to  v/hich  the  directivity  pattern  can  be  narrowed 
do)V/n  is  limited  by  requirements  ct  a  normal  servicing  of  the  workmc 
sector  of  the  direction  findc’'  and  by  the  pcrmi.ssible  dimensions  of 
rhe  antenna  system.  Therefore,  the  infi'ieace  cf  rays  wnich  deviate 
less  than  10  cr  from  the  principal  direction,  can  hardly  be 
reduced  sabstairdally  by  this  method. 

Tine  signal  arrives  at  tho  directlor.  fin^m  from  the  radio  station 
along  different  paths,  and  consequently,  with  different  time  delays. 

If  the  transmitter  operates  in  pulses,  it  is  possible  to  separate  in 
the  direction  finder  that  portion  of  the  signal,  which  arrives  first. 


In  thi?  cas-^  the  t;iearir;j  riit-asurernerit  accura<*y  increase^:, 
sinne  the  fir^t  pulse  has  fX'perienae  i  leai  reflections  or  v;as  refiectei 

frc/.  1  '^.v lavvi's.  'r-o^'  he  in  time  ..-.vleciot:.  'Ach'e; 
eiinh:  atee  '.■cn-irio'''-'ly  t:  -  nh.uovmr'  cf  '0  iti;!--  ecut  .n'inj  nf  . 

Tt.e  influence  -.'f  ray'-'  ‘ii:h  ar-  n;-a'aero:3  by  Icn.onphern':'  irrei^iulariLies 

or  which  are  re-radtat./' j  hv  iora-  ubjems  is  aftericate-l  '.her-hnv, 

■;  ey  ar-i\--  pracii'rijy  si-.alta^'woiiSiy  w’*.:':  rhe  n.ain  slorwl. 

hh.^.  ef:’  hue  to  the  intro- •uc'icc  of  tinn  vw-ir  ;*tior^  v/ili  v--irv,  V'-  t:- 


•iina  on  t:w  presence  of  oclaycm  rays  ar^o  on  their  reluti’-’o  power.  In 


YeuiiiS 


or  eat 


gomeral  it  catt  be  yneunte.j  iluat  on  of  i-^ngiit,  in  evening  an] 


it:  rhgiit  ttrne,  the  enin  in  accuracy  d^te  to  the  ini  reluct  ion  or  time 


S-- lc-:‘t,i('n  will  he  more  certr-tir  rcibio  lhaa  el  short  rci 


etes  an  i  in  ire 


lay  r.irtte. 


;b.rrov/ing  )Own  toe  bondwbhh  of  ti:o  receivinc  apparahis  c: 


^  :  .*?.  N  '  V*;'i 


re''t:ou  finuer  cn  the  nigl;  Irt-quen-cy  cr  ct:  ihe  interine  iiiate^re- 


qtu  itt;.'  side  will  naturvt'ily  r-^tduce  nn-  influence  01  nmny  kin^ii.t  of 
i'her’h'renco".  Kewev'^ry  the  naimowor  li'C  receiver  baTiiwidth ,  thf 
n  o*--;  ..unifiennt  are  the  nrparatns  errors  due  to  inctnbility  in  the 
system  parameters.  Thus,  the  r-ossibllity  of  narrewinq  -dewn  the 
're'miv'tm  imndwidtli  in  the  Jirerriori  finder  is  qallo  iiinitC;],  The 
bandvyidth  of  the  system  can  be  narrowed  down  in  the  indicating 

arx.arntuo  which  measures  the  phase  difference .  If  t'te  dtre-rtton 


finU'-r  operates  with  a  contrrucus  signal  or  if  the  me'hc-d  cf  accumu- 


lation  of  pulsed  signals  is  used,  then  the  bandwidth  of  the  phase 
meter  can  be  made  quite  narrow.  It  is  obvious  that  narrowing  down 


the  bcvTidwldth  of  the  phase  meter  is  equivalent  to  increasing  i:s 
time  lag. 

The  greater  the  time  lag  of  the  phase  meter,  the  sm^aller 
will  be  the  intensities  of  fluctuations  of  tlie  bearing  indicator.  For 
effective  response  to  rapid  fluctuations  of  the  bearing  indicator,  it 
is  necessary  to  reduce  the  bandwidth  to  hundredths  of  a  cycle. 

A  reduction  in  the  intensity  of  the  rapid  fluctuations  may  also 
be  obtained  in  a  practically  inertialess  indicator  as  a  result  of 
numerical  averaging  of  the  instantaneous  readings.  Such  an  averaging 
over  four  or  five  minutes  can  insure  the  reduction  in  the  mean  squared 
error  of  bearing  by  approximiately  a  factor  of  1.5. 

The  increaBe  in  the  accuracy  obtained  by  averaging  the  reading: 
over  live  minutea  Is  illustrated  by  the  results  of  the  measurei 

m 

of  the  bearing  by  telegraph  stations,  as  listed  on  the  iollowhng  tatle/16/. 
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ACHb* 

Tabl(^ 

1;  Di  to  i.r‘5n:::rnii:to:^ktlcrfi0ter^. 

Frcq'.if.TjCV,  racgacycles. 

3)  jV.vaarr-square']  boari.ng  error  at:  given  by  the  litstantaneou 
raatilTigs,  degrees. 

4)  Iv'ean-squareb  tearing  error  as  given  by  readings 
averaged  over  five  minutes,  degrees. 

o)  Iv'otith  and  lijne  of  the  day. 

6)  Ja?iuary  August,  day  an-e. 

7)  June  --  July,  daytime.* 


*  The  measurements  were  carried  out  under  particularly 
favorable  coriditioritj. 


Approximately  similar  results  cau  be  obtained  when  using 
phase  melons  with  large  time  lag\  In  either  case  the  increase  in  the 
accuracy  is  gained  at  the  expense  of  the  increased  time  consumed  in 
the  reading. 

Among  the  many  radio  beams  that  arrive  at  the  direction 
finder,  there  frequently  exists  one  specularly  reflected  beam,  the 
power  of  which  constitutes  a  considerable  fraction  of  the  total  power 
of  the  received  signal.  Thus  frequently  the  direction  of  arrival 
of  the  spieculariy  reflected  beam  is  closer  to  the  true  direction  to 
the  radio  transmitter.  Therefore  a  direction  finder  which  separates 
out  the  strongest  beam  has  che  greater  accuracy. 

S  uch  a  separation  takes  place  in  any  phase  direction  finder 
to  one  degree  cr  another,  if  readings  of  the  direction  finder, 


in  the  p>resence  of  several  beams,  approach  the  direction  of  the 
beam  of  maximum  fewer.  However,  the  degree  of  this  approximation 
dqsiDSEce:  depends  substantiaDy  on  the  p3rameLe’'S  of  ^ho  airect'on  lirder. 
The  longer  the  base  of  the  direction,  finder  (more  accurately,  the 
greater  the  ratio  d/^),  the  closer  the  bearing  reading  is  to  the 
direction  of  the  stronqesi  bearri. 


The  foregoing  can  ba  verified  by  cj-eans  of  the  .following  argu¬ 


ment, 


/'Si-Turne  that  the  radio  direction  finder  is  acted  upon  by  two 
beams;  the  first  is  a  beam  of  large  power,  arriving  from  a  direction 
i  -  0,  and  the  second  is  a  beam  ar:ri7lna  from  the  direction  O  9. 
Let  us  assume  also  that  the  elevation  angles  of  both  beams 
;o  th.at 


are  smaii 


ccs^,=t  cos  1, 


(2.4) 


The  first  bearri  induces  in  tiie  antennas  I'd  and  N  of  the 
direction  finder  (see  Tig.  2.3)  voltages  which  are  of  equal  phase, 
The  second  beam  will  also  induce  voltages  in  the  antennas  If  and  N, 
but  these  will  be  separated  by  a  phase 

sme..  (2-5) 


The  phase  shift  betvreen  two  voltages  in  the  antenna  M 


/Oi? 


is  a  quantity  that  varies  with  time  in  a  random  manner  and  depends 
on  the  difference  in  the  paths  of  propagation  of  the  first  and  second 

be;-:ni. 

The  vector  diagrams  of  this  case  are  shown  in  Fig.  2.  5  for 
three  different  instants  of  time. 

The  indicating  device  of  the  direction  finder  measures  the 
phase  shift  between  the  resultant  voltages  at  the  outputs  of  the 
two  antennas. 

It  is  seen  from  the  vector  diagrams  that  the  measured  value 
of  changes  with  time  as  a  result  of  variations  of  the  phase  shift 
^ .  Let  us  assume  that  the  first  beam  is  the  principal  one,  and  the 
second  one  is  the  interfering  beam.  Tl\cn,  obviously,  the  correct 
measurement  in  the  absence  of  an  interfering  beam  should  be  equal 
to  zero. 

There  are  possible  cases  of  correct  measurement  in 
spite  of  the  presence  of  an  interfering  beam  (instant  13). 

In  the  other  instants  of  time,  howevei ,  an  error  in  the 
measurement  is  unavoidable.  The  bearing  indicator  will  fluctuate, 
and  it  is  easy  to  see  that  the  maximum  deviation  from  the  correct 
position  corresponds  to  the  instant  ‘f  rnax^*  ^ 

corresponding  error  in  the  determination  of  tne  bearing.  For  this 
purpose  we  make  use  of  formula  (1.15),  assuming  that  the  direction 


finding  takes  place  in  a  narrow  sector  (  0  is  small).  Assume  that  a 


Fig.  2.  5  .  Vector  diagrams  of  the  ^rcitages  in  the  direction 


fin.itr  antennas. 


Applying  formula  (2.6)  to  this  case,  we  note  that  the  maximum 
error  in  tlie  ijeterirination  of  tlie  bearing  (instant  t^)  is 


AH 


mat 


2R£f/X 


?«.«• 


(2.7) 


Let  us  investigate  the  variation  of  tiie  quantity  ^  ^ 
upon  increase  in  the  direction  finder  base.  For  this  purpose  we 
return  to  the  vector  diagram  at  t-5.t2.  Considering  that  the  diagram 


is  symmetrical  with  respect  to  the  vertical  axis,  we  can  write  down 
the  following  equations  for  the  projections  of  the  vectors  on  the 


veriic:il  anl  horizontal  axes. 

t  ja  cos  cos 


E ..  sin 


^2iM  *•**  ^ 


8) 


After  finding  from  the  second  equation  the  value  of  Em  and 


substituii:ig  it  in  the  first  equation. 


we  obtain,  after  a  few  trans¬ 


formations 


(-’.9) 


vhere  K  s  is  the  ratio  of  the  amplitudes  of  the  voltages 


due  to  tlie  second  and  to  the  first  beams.  Now,  ualjog  formulas  (2.7) 
aui  (2.9),  we  can  obtain  the  value  of  the  maximum  error  in  the  datar- 
minatloa  of  the  bearijog: 


nd 


AT  sin^— “  sin  82) 

—  AC  cos 


(:\  10) 


Let  ua  investigate  the  dependence  of  A  ^ 
ratio  d/  /\  for  the  case  K<^1,  Pi*om  formula  (2.10)  we  obtain  in 
first  approximation 


/Cl 


(•-*.  1  \ ) 


It  is  sear*  frou  formula  (2.11)  toat  an  increase  in  tUe 
d.b't5;tion  finder  be.-;e  (more  accurately,  an  increase  in  the  ratio  of 
^^;ngT.u  of  the  U.e  viaveii^n.^ti)  ?  rodu^ys  -ne  .'m 

error . 

TbtjLs,  an  increase  in  tne  direction  finder  base  c%  uce 
interferf-nce  errors  of  the  direction  finder,  vhich  aria‘  a 

vea;fLt  'T  stror.^xlj  deflected  rays  (scattered  by  ionospheric 
ii'regulso'itiea  or  re-radiated  by  local  objoela). 

The  most  substantial  increase  in  the  direction  finding 
error  a  occurs  vinen  tne  base  is  increased  to  several  waveiongtas* 

A  fui-t-Jer  increase  in  the  ratio  d/A  hai’dly  increases  the  accuracy. 

At  too  same  time,  at  long  bases  the  rsadiag  becc>:w;s  more  difficult, 
Sv.ace  the  fiuctuatians  of  the  ceering  iodicator  becoas  core  intense 
it  i&  seen  from  formulas  (2,9)  and  (1*14)  that  ^max  iacraases  vith 
iiiciaaai-ig  d//\). 

It  ia  prsuticaily  impossible  to  use  a  base  six  times  the 
wavulenj-th  or  lo*iger,  for  in  this  case  it  is  impossible  to  resolve 
the  pMjKt:ciXR«a3isnxS!iw^^  resultant  ambiguities  in  the  doterminatuon 
of  the  healing. 

Tae  phase  dire^tvon  finders  employed  at  the  present  time 
i  yr  aaorh  v*avss  ?^ve  bases  of  appiro>JuC:at9ly  2  to  4  usvelengtaa. 

In  the  practice  of  short-wave  direction  finders  there 
o/;l3t,;.  a  rule,  according  to  which  one  muift  not  take  a  bearing  reading 
ac  Lncae  instants,  whan  the  fading  signal  passes  throiigh  a  miaimua. 


This  decrebses  the  errors  due  to  a  relative  lacrease  in  the 
level  of  the  noise  dviring  fading.  In  addition,  tM.B  rule  is  confirasd 
also  by  the  oharaotsr  of  tna  conriection  b3tve«'n  tbs  aaplitudo  an^. 
the  phase  of  the  signal,  ii^ven  in  the  examination  of  the  simplest 
case  —  fading  due  to  the  interference  of  two  beans  it  is  seen 
that  the  maxinun  error  at  t  -=  t2  (see  Fig,  2.5)  coincides  in  time 
vith  amall  amplitude  of  the  resultant  voltage  (Ej^  and  Ejj). 

In  the  case  of  simultaneous  reception  of  many  beams,  a 
statistical  oonneotion  is  retained  between  the  variation  in  the 
amplitude  and  the  variation  in  the  phase.  The  character  of  this 
connection  is  such,  that  a  small  amplitude  correaponds  on  the  average 
to  large  phase  deviations,  Gonaeqiwatiy,  by  excluding  readings  with 
amall  signal  amplitude,  one  discards  readings  with  the  maximum 
errors.  This  increases  the  measxzrement  accuracy.  However,  such  an 
increeae  in^the  accuracy  is  attained  at  the  expense  of  increasing  the 
time  necessary  to  take  the  reading,  during  a  certain  portion  of  the 
time  It  is  impossible  to  make  the  reading  because  of  the 
signal  amplitude. 

In  ooncliiaion,  let  us  consider  sl^ill  another  type  of  selec¬ 
tion,  which  is  practiced  in  short-wave  direction  finders.  This  ie 

the  so-callud  mental  selection, 

are 

By  laental  selection  ’  ^  meant  peculiarities  in  tto  bearing 
measureraents,  when  this  measurement  is  carried  out  by  the  operator, 
unlike  the  purely  automatic  measurement  without  human  participation. 

/// 


In  observing  the  direction  finder  screen  and  sifflultaneousl^  con- 
trolling  tile  signal  by  ear,  the  operator  establishes  a  coxmection 
batvit'On  tne  readings  of  t-he  indicator  and  tea  sound  siijnals.  Tous. 
vibea  observing  the  screen  the  operator  is  capable  of  segregating  xns 
sherp  deviations  of  the  reader,  dius  to  atmospheric  interference, 
since  they  are  accompanied  by  characteristic  crackling  in  the  ear- 
nhenes. 

When  neighboring  telegraph  stations  produce  tue  interference, 
the  operator  can  catch  the  instants  that  are  most  favorable  for 
reading,  vnan  the  signal  of  the  interfering  station  fade.  And 
since  the  telegrapn  signals  of  two  .  different  stations 

sometimes  differ  in  tone,  an  ej^rienced  operator  lYeqaently  can 
determine  what  reading  on  the  screen  corresponds  to  the  necessary 
station,  and  which  is  due  to  the  interfering  station.  Here  the 
operator  makes  use  of  the  fact  that  a  bearing  Indication  appears 
on  the  direction  finder  screen  with  a  cathode  ray  tube  only  during 
tne  instant  when  the  telegraph  key  is  pressed  down,  and  that  the 
indication  vanishes  during  che  time  of  vae  pause.  This  makes  it  easier 
for  the'  operator  to  entsblisn  a  connection  between  the  sound  and 
the  visual  observations. 

Thus,  in  mental  selection  tise  is  made  of  the  high  selectivity 
of  the  ear  to  refine  the  visual  reading. 

Anotlwr  feature  of  the  operator's  work  is  the  time  delay 
of  the  reading,  due  to  memory.  Gven  when  observing  the  screen  of  a 


//d. 


practically  ioertialeas  direction  fioder,  the  operator  actually 
carries  cut  an  averaging  of  rapidly  fluctuating  readings,  Ttae 
fluctuation  of  tae  indicator,  doa  to  ttie-  int^arfarerce  of  many  rays, 
ia  usually  not  so  fast  aa  tc  make  use  of  persistence  of  visicu. 
However,  by  observing  the  consecutive  changes  in  the  positions  of  the 
indicator,  the  operator  can  retain  them  in  his  aanory  for  a  relatively 
long  timj,  and  thus  carry  out  a  mental  averaging. 

Ihe  capabilities  of  mental  selection  are  eesentially 
connected  with  the  time  delay  of  the  indicator  used  fca*  tiiu  reading. 
Actually  mental  selection  can  be  used  completely  only  in 

practically  inertlaiess  indication,  A  phase  meter  witn  time  delay 
responds  slowly  to  the  changes  in  the  bearings  of  the  signal.  This 
rics  a  the  operator  of  the  possibility  of  taking  the  reading  at  the 
insta.it  when  the  interference  disappears  for  a  short  time,  for  the 
indie ator  cannot  ciiange  substantially  thon.  It  '  also  becomes 
quits  difficult  to  establish  a  ccanection  between  the  visual  and 
a’jtj  rt  or y  ob  aervations , 

The  oxparimentai  data  show  that  •  mental  aoloction  makes 
it  frequBify  much  more  advantageous  to  use  inertlaless  indicators 
aiid  ensures  tilgh  accuracy 

Conditions  are  encountered,  however,  when  the  best  results 

u>b»f  ii- 

ere  produced  with  a  tiejs-delay  indicator  (the  presence  of  '*BBWhite 
nciae,  and  strong  scattering  of  the  main  signal).  In  this  connection 
it  is  better  to  liave  apparently  two  indicators  for  the  direction 


finder,  one  with  high  inertia  and  the  other  one  with  low  inertia, 
so  as  to  make  use  of  either  depending  on  the  actual  reception  oondi 

tioas. 


Ciiapter  III 


&F7SCT  OF  CK4KIfEL  ONBAUirCE  ON  TH2  APPiRATIB  IRRCES  OF  TWO- 
CHAKKEL  RADIO  DIRECTION  FINDERS 
1.  Tmo  VerBiooo  of  Tuo  Channel  Aafilifioatlon  Schamea 

Tbib  direction  finding  of  pulsed  radio  signals  is  best 
carried  out  ulth  low-inertia  radio  direction  fioders,  particularly  if 
the  uuiaber  of  radiated  pulses  is  counted  in  units.  Tbe  observation 
of  passive  instantaneous  targets,  p«rt.ioularly  neteoritet*,  xmanm 
is  possible  in  this  case  by  radio  direction  finders  in  conjunction 
with  a  pulse  razige  finder  using  a  uaveleiigth  on  the  order  of  ten 
asters. 


Fig.  3.1*  Diagram  of  tuo-cnannel  reoeiviJbg-indieating 
apparatus  with  post  anplifioatic«  of  the  signals. 
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Fig.  3.2.  dagrais  of  tuo-chaxuiel  recaiving-indloatlog 

epAsrativ^  with  prt.aripiifio5ti?/a  of  the  signals. 

In  the  preceding  chapter  we  have  shewn  the  advantages  of 
using  low'-inertia  direction  finders  ior  longer  signals,  since  these 
redio  direction  finders  iuske  it  po.esible  to  carry  cut  siental  aelectioxua 
wbicri  increases  the  accuracy  of  direction  .finding. 

Low  inertia  direction  finders  are  two-chaxuiel  radio 
direction  finders  with  cathode  ray  tubes^;^,  197.  3.1  and 

3.2  show  the  diagrams  of  twc-channel  receiving-indicating  apparatus 
lued  in  short-wave  direction  finders  with  long  base,*  Such  devices 
3o3ve  two  problenj.^!  aaplificatlcn  of  the  sit’nals  with  the  necessary 
aeiectivity,  and  asasareaent  of  tho  phase  difference.  In  both  cir¬ 
cuits,  the  phase  differences  are  swaasured  by  the  ’‘sua  —  difference” 
aethod  (see  Chapter  I),  The  difference  between  the  circuits  shewn 
in  Figs.  3.1  and  3.2  lies  in  the  fact  that  in  the  first  one  the 
aapllfyi^iS  channels  are  connected  after  the  "sum  —  difference” 
device,  and  in  the  second  they  are  connected  ahead  of  it.  We  shall 
therefore  call  arbitrarily  toe  first  circuit  (Fig,  3.1J  a 
pcst-aasplification  circuit,  and  the  second  one  (Fig.  3.2}  a  pre- 
asaplification  circuit. 

*  The  operating  principle  of  the  phase  direction  finder  is 
treated  in  Chapter  l). 


—  Il6 


For  norflial  operatloA,  tba  aaplifioation  ohannala  should  be 
absolutelj  identioal.  If  the  uixumels  have  non*-ldentlcal  paraiasters, 
apperatiis  errors  arise. 

The  only  ohannel  differences  tolerated  In  wt  L  i -deal pied  e.;ulp- 

ment  are  those  at  vrhioh  apparatus  errors  do  not  limit  the  dlrectlon~ 
finding  acouraoy.  Thus*  at  short  mavesy  the  mean-squared  direotl on- 
finding  error  over  long  distenoee  amounts  to  approximately  1*^,  owing 
to  the  i . fluence  of  radio  wave  propagation  oondltiona.  The  appara¬ 
tus  errors  in  the  ieterraination  of  bearing  must  therefore  be  oonsi- 
derabljr  leas  than  the  indioated  value* 

In  phase  direction  finders,  one  dogre©  of  oearing  correapon-ds 
to  several  degrees  of  ]iJi.aae  difference,  so  that  the  tolerances;  oan 
be  relaxed  eoiriewhat  as  regards  phase-difference-  aeasuremente.  The 
apparatus  errors,  nevertheless,  still  amoirnt  to  a  consider© -le  fraction 
of  the  bearing  error,  for  it  is  teohidoally  quite  difficuit  to  en¬ 
sure  perfect  iaentioity  of  the  channels, 

ust  U3  examine  the  apparatus  errors  due  to  non-ldenticity  of  the 
ohaar;el3  of  the  reoeivlng-indicatlng  devices  of  rad  o  direction 
finders*  For  the  analyeis  wo  choose  circu  ts  with  post  amplification 
(see  Fig*  3*lJ  and  with  peamplifioation  (see  Pig.  3*2)* 

If  the  input  to  the  amplifier  ic  tha  st-vfcionary  mode  is 

e  (t)  £  sin 

then  the  output  voltage  is  (/)=s/ff  sin  ®)« 

where 

K  —  modulus  of  the  gain  coefficient) 
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pmse  aagle  of  gal.ii  cr  pmse  aoift. 


An*  ij  airiUSoldel  fixH  ji-  i  -  -.  ..•.  tri  ¬ 

te  dasci'ibe  the  dlffertaeos  bytve'^n  s3piii.lic>itj.ou  chejir»el8  by  aeans 


of  the  ratio  of  tn^.  jcodiili  of  xhe  ga.la: 

A%. 


(3.  1) 


fjritj  tho  difi'eract'e  .in  pftflss  g-oif'*.'? 


(3.2) 


wlrJoi’e  K}  cjari  K.J  —  acduli  of  i.rte  gains  of  tho  fit  sit  secced  arplifi- 

CBw.'’!,ri  ciTa.'inslaj 

■*  '  1'* 

^  •;  and  y'.’’  ?  ' —  thf'  piiiee  saxxi-fi  of  chamejs. 

Thur.  toe  qiwntity  a  cixaracteriaas  tne  /5j£p.lit’jie  uiib.i.ianfs  oS 
thp  u.oarujicls,  ajui  c.c«£cacti€ri3>.iS  too  pbriaQ  unbalaoica. 

Wo  B.baU  co.r.ry  out  ti^o  >^jr's,*.lys.i3  of  fe.ppa'rat’us  errors  as 
f  =;j:»u  tiofia  of  these  noa-iJenticity  paraM-'itere  \a  and  W.-  )  o.f  t.ne 
amplifV'l”'g  obaeuels. 


2.  i:2iRCtf(S  IK  TH?'  ^OST-A-MELIFIGAIlOIi  OIK^UiT 

The  vo.lta:-o?  rasefa  the  aEpxifioat5c*o  ci^aa^e-i-s  after 
pfij.alig  t.brcugii  the  *"■“  dit'ferencs*^*  dQv.lc-ij  ariii  the  phase- 

shifting  stage.  The  aaiplitudles  of  these  vna.tj»g€?i  are  proportional 


to  th« 


sloe  aad  ooalae  of  half  of  the  aa^Ie  of  oeasured  pMsa 


difference 


Up- 

,  O' 

j  >.  » 

(3.4) 

rK-re  —  voltage  at  the  input  of  ohanael  I. 

Ug  —  voltage  at  the  input  of  cOannai  II. 

Cj^  —  taeadorsd  i>iJa8e  difference , 

voltages  on  the  deflacting  plates  of  the  tube  (past 

the  ainpiltying  channel)  vill  oe 

u ,  s=  KiB 0  sin  sin  +«!»,); 

(3.5) 

K^r  cos  ^  sin  {  4-  <!>.), 

or  ,  taking  into  account  tiie  dif  ferences  In  ti<c  phase 

(3.6) 

atdtts 

(3.7) 

Uj^K^BoCos  |-sin(V— 4^)- 

(3. 8) 

Sijice.  the  iriG3.1r.ation  of  tne  bstua  is  propartional  tc 

tae  applied 

voltage, 

y-~Ki  sin-|-  sin 

* 

(3. 9) 

X  -  fCa  cos  --  sin  —  4»), 

(3. 10) 

wiidre  X  —  horiaontjsd  deflection,  y  —  vertical  deflection. 

iasuae  that  the  sensitivity  of  the  deflecting  plates  is 
ttae  aam  in  the  horizontal  and  vertical  direction,  and  the  proper- 
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tionality  coefficient  in  arbitrarily  set  at  l/Eo(oa/?) 


The  Eqa.  (3.9)  and  (3.10)  can  be  represented  in  the  fora 

;  ■  5.:;  eouatlon  for  tiie  figure  oo  the  cRthcxde  ray  tube 

•*'’  -  ■  i  *8’  7  =  'f?  2  “"V)’-  (3- '  i ) 

Froci  ax»Iyti(*  gecaietry  ue  note  that  sxtch  an  equation  is  the  equation 
of  an  ellipse,  the  axsa  of  which  are  inclined  by  a  certain  angle  V 


reiattre  to  the  axea  of  the  tijbe  (Fig.  3.3),  vith 


tg2v  = 


2fltg— cos^ 


(3.12) 


fhe  error  in  tne  determination  of  ^/2  is  given  by  the  difference 


a.Td  the  scossr:  error  in  be  twice  as  large 


Therefore,  the  ovoraH  expression  fc<r  the  error  in  the  measure¬ 


ment  of  the  phase  difference  is 

^  =  arc  tg  + 1  ~  W  *>«  f  .  (3.13) 

^  2a  cos  ^  —  (tf2  — .  i)  cos  f  -f  (a2  -f'  1  ***  ^  coe  t}'}  cos2  f 
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To  detormLne  the  extremal  values  of  the  error  it  is  necessary  to 

find  the  derivative  0(^'‘  ^  get  it  equal  to  zero,  and  to 

..wVritino  ircia  tiiis  eq'aa...:.on  the  value  cf  'f'  et  v.'-’ic.i  tao 
i-jae  a  nn.cLnium  valufl.  An  a  result  we  obtain 

T.„  =arc  cos 

I  (s2-f- l)2--4aicosi<^  I 


-I  ^  (-3  ‘  ~  1  ~a  cos  --  }(a?  4-  1)2 

(a^  -|-  1  —  4a^  cot^  <(/ 


;ai-f  1)^  — 4tf2cos2«}> 


(3.14) 


Ana3^3is  shows  tnat  to  determine  c^rrespandLn^;  to 

toe  ,;-!.axinsu::i  of  the  maximum  error,  it  is  necessary  to  take  in 

1^3. I^:^)  a  plus  sign  in  front  of  the  radical  for  a  ^  1  and  a  minus 
dign  for  a  >1.  Tnis  must  be  taken  into  account,  for  in  general 
wi.«xi  a  1  and  0  the  extrema  of  the  enror  are  not  of  the 
same  magnitude. 

To  find  the  valus  of  the  iaaxit.ua  erroi’  it  is  necessary 

tc  insert  in  formula  (3.23)  the  value  CP  i!roir>.  formula.  (3,14). 

/  max 

From  formulas  (3.1.3)  and  (3.14)  we  can  obtain  two  parti~ 
cular  cases  under  the  following  conditions 
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Fig,  3.4.  Plot  of  tbe  error  ve.  the  magnitude  of 


measuped  phase  difference. 


Fig,  3,4b  shov3  a  plot  of  tiae  error  based  on  formvila  (3.18) 
wriilo  Fig.  3.4c  shows  the  error  based  on  (3,13),  The  graph 
correepoading  to  (3,13)  corresponds  also  to  the  general  case,  when 
a  1  and  «/''/  0. 

Va  see  tha-^  depending  on  the  amplitude  and  phase  unbalances, 
the  shape  of  the  error  curve  varies,  and  in  addition  the  curve  has 
different  absolute  extremal  values.  We  note  also  that  the  errors 
vanishes,  no  matter  how  non-identical  the  ohaxinels  are,  when  the 
measured  phase  difference  is  equal  to  zero  or  180^. 
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It  vas  Indicated  above  that  in  the  general  case  the  pattern 
on  the  screen  is  an  ellipse.  Let  us  rind  the  ratio  of  the  lalnor  to 
tud  major  mi-axis  ( see  -i p, .  3.3'^. 

If  the  equation  of  the  ellipse  is  represented  in  the  form 

Ax^  +  2Bxy  +  Cy^ 

then  the  ratio  of  the  axis  to  given  by 

/  ^ A  \-C^  + 

\  2p  )  /i  -f  C  +  }/jA^ji-f4W 
Analogously  we  obtain  from  (3.11) 

.2  ib2  i  +  I  -  1/  +  4^215^^  CM*'!' 

_ :! _ _  - - li—  n=.,  —2! - .  (3.  -Jl  ) 

*  *2 

unsre  m  —  length  of  the  tiinor  semi -axis  of  the  ellipse; 
p  —  length  of  the  isajor  sejsi-axis. 

To  deteroine  tho  ratio  m/p  in  the  cases  when  the  error 
has  a  maximujs  value,  it  is  necessary  to  insert  the  value  of  /'P 

ioax 

fi'om  (3.14)  Into  (3.21)  Figs.  3.5  and  3.6  shew  the  graphs  of  the 
dependence  of  the  naximuTi  error  on  the  amplitude  -and  pha?e  un¬ 
balance  of  tne  channels  (a  and  ).  Within  the  ^J-mits  of  the 
diagram,  tiie  dependence  of  the  error  on  a  is  almost  linear,  while 
the  dependence  on  r6^,alls  a  quadratic  curve.  As  ^  varies  from 
0  to  ^  10°  the  maximum  error  incieases  very  slowly,  but  i^on  further 
increase  in  the  phase  unbalance,  it  Increases  rapidly. 


J’ig,  3.5,  Effecii  of  aiapiltude  unbalance  or*  ,^nv  aod 
i'or  jifferent  val^jas  of  the  phase  axxk  unbaisiice  Csolic  lines 
"^^inax?  dotted  for  si/p). 


Fig.  3.7.  Qraph  aiioulng  the  depexidence  of  the  maxiaum 


error  on  the  amplitude  and  phase  unbalances. 


3.  ERRORS  IN  A  PIvE-AMPLIFICATION  CIRCDIT 


The  voltage  at  the  output  of  the  amplification  channels 


in  a  circuit  with  pre-amplification  (see  Fig.  3.2}  are 


f 


the  phase  difference,  due  to  the  difference  in  path, 


where 


to  b«  aeaaured. 

the  voltages  at  the  output  of  the  ampllficetlca  chacTield 

a,  =  KiE sin  ( V  y  4-  ; 

a,=*#f3^8in^V— ^s). 

or,  taking  into  acocunt  the  differences  in  the  phase  shifts 

Hi-rATiEsin  V;  (3.22) 

«,-*  sin  (<V-  sin  ^V),  (3. 23) 

where 

This,  when  Ki  ^  and  0,  the  voltages  at  the  input 
cf  tne  a2y:>Iificati ':n  channels  -Mill  haveunequal  amplitudes,  and  toe 
phase  difference  changes  by  the  value  of  the  pnaae  unbalance  of  the 
cnannels. 


Fig,  3.B.  Vector  diagram  for  the  general  case, 

€  * 

—  voltage  at  the  output  of  channel  1,  U2  —  voltage 

at  tne  output  of  channel  II,  Ug  —  sum  voltage,  —  difference 

voltage,  —  voltage  of  difference  with  phase  changed  by  90°, 
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/y  phase  difference  betveen  voltage  U0  and  X-  — >  phase 

*  # 

difference  betveen  voltage a  and  U2. 


The  voltages  f^oa  the  output  of  the  amplifying  channels  proceed 
next  to  the  ’•sum  —  difference**  device.  * 


Let  us  consider  the  general  case,  uhrn  the  anpUtudea  are 
not  equal/!?/*  Fig.  3.8  shove  the  vector  diagram  for  the  general 
case. 


From  the  geometrical  construction  of  the  vector  diagram 


ve  have 


Ul=U\+U\  +  2UtU,w  T; 

Ol-  U]  +  Ul-2a,U,  cos  W; 

U,  ’lo  y  ■  ,  -V,tmV 

U,  +  V,c<it<ir  '  '*  V,  —  U,cmV  ' 


Ckjnsidering  that  Ul  ^KiE  and  U2^K2E,  we  get 


£4  -  £/f,  ( I  +  a» + ai  cos  V)"* =f.S: 
{4=«f,(l  +o»-2ocos 


.gi|— 


atifi  y 
1  +«cosy 


fgs-TL - : 

*  l-a 


—  a  sla  y 


coe  y 


**  The  method  of  measuring  the  phase  differences  at 
equal  amplitudes  of  output  voltages  la  discussed  In  Chapter  I 


(3. 24) 

(3. 25) 


5^(1 cos  V)'^ 

D— (l+a*~2acos‘F)‘'^ 

E^^EK^, 

Toe  phasfc  dii’rflroace  beuVieea  tha  voltages  ^  "*2  •**  * 

Fig.  3.8)  will  be 

T=»— 90®, 


tg-r-tg(.-90<>)=  -Ctg. - — - - • 

The  voltages  applied  to  tito  deflecting  plates  of  tna  tube  are  u*g 
and  Ug,  and  the  phase  difference  between  tncm  is. 


Lence 


tg(Tf^Y})  = 


<R  7  -  tg  t 

14-<g7«gt 


1  ~a2 
2a  sin  4' 


Tne  voltages  on  the  plates  cf  the  tubes  can  be  represented  in  the 
form 

«^=  EqD  sin  (3. 26) 

w5~£"pSsin('«Q^— ‘F).  (3.27) 

Accordingly  we  obtain  for  the  deflection  of  the  beam  in  the  ve. tica-i. 
am  horizontal  directions,  acsuning  the  sensitivity  of  the 

plates  to  be  equal 

ys==D  sin  vBo/ ;  (3.  i'H ) 

X— Ssin(«)o^~r).  (3.29) 

oqs.  (3.28)  and  (3.29)  can  be  rediiced  to  the  equation 

2  ic  cos  r  +  (-^f  .»=  -  D=  sin*  r.  (3.  .10) 

S  V  ^  / 
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Thua,  aooordiag  to  (3.30),  tba  pattara  on  the  aoreea  ie  an  elUpM, 
th9  axea  of  vhloh  are  turned  at  an  angle  ^  ,  wltn 


(3.31) 

(3. 32) 


Inaerting  In  D.31)  the  values  of  3,  D,  ard  coaP  from 
(3.24),  D.25)  and  (3.32),  w  get 


tg2v 


"l/  i  -f  e^ 4- ^ <o*  _ 2eHny _ ip. 

l4.e«--2e<o>y  / (1  - e^)3 -f  4a2 sinH'  "*  ^  * 
t+et-f2ecoar 


hence 


V 


(3.33) 


Thus,  if  the  voltages  have  uriequal  aoplitudea  ahead 

of  the  "awt  —  difference"  device,  in  accordaoce  with  (3.22)  aid 

(3.23),  the  slope  of  the  oiajor  axis  of  the  ellipse  on  the  tube 

half 

screen  will  still  oocrreapond  to  aota  the  phase  difference  of  the 
input  voltages.  However,  when  the  anplitudes  are  eqvad,  the 
ellipse  degenerates  into  a  line,  and  this  is  avich  more  convenient 
for  ease  in  reading. 

The  ratio  of  the  minor  axis  of  the  ellipse  to  the  major 
one  can  be  determined,  according  to  (3.30),  froa.  the  expression 
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(3.34) 


Inserting  into  tiiis  e^qsresslon  the  values  of  S,  D  and  cos  ^ 
(3.2?)  and  (3.32),  we  get 

I  (I  ’ 

cr  fihsily 

m  _  .1  —  a 


from 


(3. 35) 


vnaro  a  is  the  ratio  of  tne  voltage 
dl.:;Tsrence’'  dsvico.  The  ratio  a  in 


amplitudes  ahead  of  the  ”sun  — 
tae  circuit  sh-vn  in  Fig.  3,2 


is  equal  to  the  ratio  of  the  moduli  of  tne  gains,  since  it  was 
assumed  that  th'3  ampJ.itudes  are  the  same  at  ttm  i.aput  ct  tne  aicpll- 
lying  cnaxuiels. 

Consequently,  tiie  inequality  of  the  modrJ-i  of  ihe  gains, 
i.6.,  the  prer.ence  of  an  amplitvaJo  urba2.ance,  cau.ats  the  iiaage  tc 
bec:cne  elliptical,  blit  does  net  ciiange  the  direction  of  the  major 
i-.ids  of  the  ellipse  i.e,,  it  does  not  pre-duce  a  systeroatio  appara¬ 
tus  error.  On  tno  other  nand,  the  phase  unbalance  of  the  channels 
enters  in  its  entixet2-^  into  the  error. 


Thus,  too  error 

^  ^  —  (f/ 


(3.36) 


ic.  independent  of  the  magnitude  of  the  ineasured  poasa  difference. 

This  analysis  enables  us  to  compare  the  circuits  shown 
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la  Figs.  3.1  and  3.2  as  regards  apparatus  errors.  Obviously, 
the  circuit  which  permits  greater  differences  in  the  amplifying 
cl'-'.irxels  for  the  aasoi  vr>.i’it;2  of  tn*:-  error  is  pn^  . 

A  circuit  with  pra-nmplification  adoita  of  s  large 
amplitude  unbalance,  but  allows  no  phase  unbalance.  If  it  is 
technically  easier  to  make  the  cnaonela  identical  in  gain  but  not 
f;i  phase  shift  it  is  best  to  use  a  circuit  with  post-amplification, 
''levert.ieiess,  a  circuit  with  pre -amplification  is  lised  successfully, 
because  tne  apparatus  errors  that  it  introduces  can  bo  rendily 
calculated,  since  it  is  equal  to  the  phase  unbalance  of  tlie  cnaoneis 
and  Is  iiidependent  of  the  value  cf  the  measured  phase  difforance. 

Xhj.s  circuaistaace  .Tiakas  this  circiilt  in  mapy  cases  pre¬ 

ferable. 

If  no  provision  is  made  for  control  and  regtiLatiori  of 
the  "jienticity  of  the  charmels,  considerable  apparatiis  errors  in 
the  measurement  of  the  phase  difference  may  eater  into  a  circuit 
wito  p'e -amplification,  since  it  is  difficult  to  ensure  idonticity 
oi  phase  shifts  in  charuiels,  oven  within  lOi,  over  a  prolonged  time 
interval. 

In  the  circuits  considered  here,  the  non-ldenticity  of 
the  amplifyj  og  channels,  in  addition  to  apparatus  errors,  may  cause 
errors  in  observation,  i.e.,  errors  that  arise  when  bearing  is 
ms  a 3  trad  from  the  pattern  on  a  cathode  ray  tube 

.screen. 
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4,  CBSiSRVATIGN 

Ic  tiKt'sej  oircuita,  Xlut  pattern  uu  tna  ycrcacr.  of  th-; 

ia  in  general  an  eilipae,  and  the  direction  ■>!'  its  oajor  axia 
deteriaiaefi  the  rcudin^i.  The  ratio  of  the  adaor  axis  of  the  ellipee 
the  majur  c’le,  m/p,  characterises  the  possibility  of  reading. 

It.  is  most  convenient  to  make  the  readioga  when  the  ellipje  de¬ 
generates  into  ti  liiie .  As  m/p  increasaa,  it  becomes  less  con¬ 
venient  to  make  the  readings,  and  when  a/p  ^1,  i.e.,  when  the 
ellipse  becomes  a  circle^  a  reading  ia  iagposslblo, 

Ksadlogs  made  by  different  operators  with  the  same  ellipse 
Vil.1.  be  different.  The  reading  errors  in  the  dixeotion  of  the 
major  aaia  of  the  ellipse  are  of  random  character.  It  can  be 
assumed  that  the  law  of  distribution  of  the  oba^irvation  errors 
will  be  normal.  To  each  value  of  the  ratio  m/p  there  will  corres¬ 
pond  &  dofiaite  value  of  the  mean  squared  error  ia  reading^  G' . 

To  obthln  tho  dependence  of  (5"  on  m/p,  experjjnsats 
were  porformed,  in  whlcn  several  operators  tcox  reecijigs  based 
on  the  majeer  axr;c  of  the  ellipse  with  different  values  of  m/p, 
end  the  raejor  a>:ss  of  t)ie  ellipee  on  each  pattei*n  was  equal  to 
the  scale  diameter,  the  thickness  of  the  llwHo  of  the  ellipee 
ai^ualed  one  scale  division  (the  arc  cf  1^)  am  the  time  of 
rending  was  not  less  than  three  seooxids.  For  each  ellipse  pattern 
with  a  correspoauing  ratio  of  axss>  from  10  to  30  readings  were 

13^ 


oade  axid  subsequently  processed. 

The  results  of  the  experisient  confirmed  tna  ncarmal  law 
c.r  disti-ibutica  of  ti't  obe^trvatian  err-'TS.  Tne  dj p^2t:a r.’ tic o  cf 
on  m/p,  obtained  in  the  expeiisnenis,  is  shown  in  Fig,  3.9.  ‘ina 
accuracy  ox  reading^ from  the  line,  will  depend  to  a  great  degree 
already  on  the  thicKoess  of  the  line  of  the  pattern  and  on  a  certain 
‘iCi'sHax.  Ihorefcsre  In  the  experiraenta  tne  nsean  squared  error 

for  m/p  rz.  0  does  not  vanish  (see  Fig.  3.9/.  Obviously  the  quality  of 
the  scale  and  the  tnicx.ness  of  the  line  determitw  the  maximum  reading 


accuracy. 

Thus,  if  the  amplii^ihg  olianriGis  are  not  identical,  an 
error  arises  wiiich  consista  of  jan  apparatus  ei'xor  and  of  a  random 
obsarvaticn  error.  The  sccm'stcy  of  direction  finding  can  in  this 
case  be  estimat,ed  by  the  quantity 

(3.37) 

where  /j —  apparatus  err  or  j 

^  .aoan  squ/xrad  observe ticn  error. 


The  sqo/iTw  cf  the  quantity  defined  by  expression  (3.37), 


he  sccoi  dance  witn  thsi  probability  theory,  is  the  second  moment 
of  the  diatributio.n/9/.  We  shall  call  the  mxm  error  ,  for 


brevity,  the  general  error*. 

In  these  cases  when  the  apparatus  error  has  a  maximum,  the 


linquitude  of  the  total  error  is 

*^X  mai  **  -fa^  (3.38) 
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Fig.  3/?,  (k*  of  tad  squeryd  obssarvaticn  error 

cri  the  eUlpUciv  of  th<  pattern. 


Fig.  3.10  shows  ciirvee  of  tiie  i^ro-?*i2  dua  to  aon-idantical 


ciriarmsls  iij  a  circiiit 
witu  allowaasoa  for  So. 


'With  post-siaplilicctioa,,  basei  on  Fig.  3.5 
t3.3B).  In  caicaLa'oicna  cooed  on  (3*33), 


the  values  of  the  s^jiiyjr&u  obsorvatiori  error  were  taken  fro® 


tioe  gi'-aph  shown  in  3.9. 

It  fellows  fryia  Fig.  j.W  mat  iu  a  circuit  with  pc^et- 
ampli float! -ti  the  obeervation  erresro  s-rsi  not  aigulficant, 
since  the  apparatus  frcdoiaixKits.  The  predominant  J*ole  cf 

tlw  ayparatus  erivsr  !«  rcta.lAv.d  »i3  tbe  non-idesticity  of  the  Ouannals 
is  lQcrsap'i«j,  Ti'c  differs  noa  betweftn  tUs  total  error  azKi  the  appara~ 
tus  error  is  sees,  on  the-  graph  (see  Fig,_  ,3.10}  to  ba  insignificant, 
la  pcre-ampllfi-'.alion  circuitaj  xIah  imbalance 


does  not  prodime  an  apj^^aretus  erroi",  but  inoressea  th® 

observation  error.  Kc^wever,  even  a  445f>  aifffrenoe  in.  aaplituSe 
;.lvt'a  a  caean  scijuared  error  on  the  order  of  merely  1^.  It  is  also 
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known  from  practice  that  it  ia  not  too  difficult  to  obtain  obannala 
with  amplitude  that  Is  equal  within  20%^  and  therefore  we  shall 
not  consider  the  observation  errors  specially  from  nov  on. 

Nevertheless,  it  must  be  borne  in  mind  that  when  the 
apparatus  error  is  small,  the  observation  error  Influences  sub- 
£tan^ially  the  accuracy.  The  observation  error  naturally  can  be 
reduced  by  uain^  the  average  readings  obtained  by  several 
operators,  but  this  is  not  always  possible,  for  it  increases  the 
time  required  to  perform  the  readings. 


Fig.  3.10,  Dependence  of  the  errors  due  to  the  nen- 
identicity  of  amplifying  channels  (solid  curve  for  dashed 

curve  for 
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Chapter  IV 


EFFECT  OF  ONB^lUL  CHANNEL  PARAMETIHS  ON  THE  APPARATIB  ERRORS 
OF  TWO  CHANNEL  RADIO  DIRECTION  FDJimS 
1.  PARAMSTiiRS  C?  iJCN-IDENTICm 

Ir.  the  preceding  chapter  the  non-identicity  of  amplifying 
channels  uas  characterised  by  the  ratio  of  the  moduli  of  the  gains, 
a,  and  by  the  difference  of  the  phase  shifts,  ,  of  the  charmels 
at  the  signal  frequency,  vithoirt  regards  to  vhat  the  amplifying 
channels  comp'ised. 

Since  thn  amplifying  channels  in  two-channel  radio 
direction  finders  must  insure  the  necessary  selectivity,  the 
actual  channels  have  suitable  amplitude-frequency  characteristics. 

Fig.  4.1  3hciW8  the  characteristics  cf  channels  for  the 
general  case. 

It  is  seen  that  the  channels  may  differ  in  their  band¬ 
width,  in  their  resonant  frequencies,  and  in  their  detuning 
relative  to  the  signal  frequency. 

It  is  of  interest  to  examine  the  errors,  if  the  charu-  ^3 
are  detuned  relative  from  each  other  and  the  bandwldtha  of  the 
channels  are  not  the  sama,  while  the  frequency  of  the  received 
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signal  differs  from  tne  rescn&nt S'equeacXes  of  tde  channels. 

The  error  iiay  Is  a^ieclfied  in  terais  cf  quantities  that 


f:  e-  r;.,  '■ , 


detuning  cf  tne  channels  relative  tc  ee -.jUkir,  /.lii-.  *  ,  ari  tar 

’J  ii 

ratio  of  the  baiuividths  - “  ,  and  also  tie  quantity  ^  ■:  j. 

(or  u-'  .^),  Ik  whicn  c oars c ter i^e*  tne  tuning  of  the  receiviutg 
;touaretiJi£  by  tne  oper..  tor  to  tae  si.gna'!  .frequency. 

Let  '.r...  intrciiuce  tte  dl.-'iensiurL-ses  reiatirt?  dsturji.r*g3 

i(i>l  iii>2  istt 

AU'  *  Afi”  *  ’ 

vnors  the  aritiiaetic  mean  of  tne  barid’width  is 


and 


24^^^  Afii  + 


■^"  'T'" '  iMt  “T*  “-*'■» —  . 

s*Vi^^  AU,jn/^  AS 


l4.1) 


(4.2) 


The  noo'-identicity  parairjaters  cf  tne  amplifying  channels  viil  ba 


wfl-ken  to  l-e  tne  ratio  of  the  b&nd'uidthfl 

as: 


AC, 


(4.3) 


and  the  rslativo  deturJLrpv  batvesn  caarkieis 

ts^ 

It  is  obvious  tnai  if  tiw  channels  a'^o  coaplstsly  unideatical 

At# 


5  =  1,0 

lu-AS,  in  the  analysis  of  the  gystesiatic  error  the  iadeperjdent 

Aw, 


I,  ^ 


tQ 


variables  vill  bs 

S.  -f. 

It.  is  .crobable  that  the  error  >iill  also  depend  on  the  type  cf  the 
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stages  used  in  the  aapHl^iag  cHaanela  (for  example,  tuned  or 
bicadbamd)  and  particularly,  on  tne  number  of  stages  in  eaoh 


caannei. 


Wp,  ijp^  O/p 

Fig.  4.1.  Amplixud e-frequency  cnarac^ori sties  of 
a.r,f iif;'ing  ciiaruioJs  in  tne  generalcaae  of  non-idanticity. 

—  tuning  frequency  (resonant  frequrincy)  of 
channel  I,  ^2  "*■  ^uning  i'rcqucncy  of  channel  II, 

i  sigrial  frequency,  —  d€tunir.g  cf  cnannel  I  relative 

tc  tab  signal,  /■  ^  —  d6tianir.g  of  cnannel  II  relative  to 

tab  signal,  —  detuning  of  tne  channels  relative  to  each 

other,  2  .....  —  bandvidtn  of  channel  I,  2  1.'-.  —  band¬ 

width  of  channel  II. 

'Ve  confine  ourselves  now  to  an  analysis  of  clriannela 
that  are  resonant  amplifiers «  The  circuit  of  one  stage  of 
a  resonant  amplifier  is  shown  in  Fig,  4,2. 


As  Is  Icnowa.  ths  gain  of  s  aultl-stags  rsaonant  sopUflsr 


la 


vhereia  ~  auobsr  of  tbe  stages  la  toe  amplifier, 


—  gain  of  ona  stage  in  resonance. 
0<  —  generalised  dbtunlng. 


(<.4) 


Where 


The  generalised  detuning  >'i 

..,2^  __  Q__^ 


—  detuning  ( 


•>; 


(4.5) 


Q  —  the  figure  of  merit  of  the  tuned  circuit, 
t  —  the  damping  factor  of  the  tuned  circuit} 
cO  d  —  resonant  frequency  of  the  tuned  circuit  *  l/\jL  c 


2  A  51 —  bardwidth  of  the  tuned  circuit  (2  ilfi- 
It  can  be  considered  that 

Where  S  —  static  tranaconductance  of  the  tube. 

Rj.  =  L/Cr  —  resonant  resistance  of  the  tuned 

circuit. 

The  amplitude'^fTequency  and  phase -frequency  character¬ 
istics,  according  to  formula  (4.4) ^  will  have  the  form 

A- - 4-:  (4.6) 

<!)«=  — rt  arc  tg  a.  (4.7) 


l4i 


In  formula  (4.6)  tne  gain  at  resoxuuica  is  taaen  to  equal 


-Jiity. 


Fig.  4.2.  Diagram  of  one  stege  of  a  tuned  amplifier . 


The  bai.dwidtn  of  the  amplifier  is 


vhero  2  A  il-  —  bandvidth  of  one  stage  of  the  amplifiox 

—  a  quantity  viiich  is  a  function  of  toe  numter 

of  stages. 

The  quantity 

=  lj'^-(2‘^-l)~.  (4.8) 


Wita  increasing  nuaiber  of  stages  in  the  amplifier ,  its 
bandvidth  Vill  decrease.  For  a  specified  bandwidth,  the  damping  of 
the  tuned  circuit  saoild  be  greater,  the  greater  the  numhar  of 


stages 


Sit*  I 


X.*3e  modulus  of  the  gain  will  be  represented  in  the  form 


! 


t 


(4.9) 


Tb0  phase  ax^Ie  of  the  gain  v^lll  be  represented  in  toe  form 

^ —  n  arc  tg  »aJ  .  (4-  JO)) 


Taking  into  consideration  the  foregoing  paraartera  of 
channel  non-identicity,  ve  obtain  for  each  channel 


(4.11) 


(4.12) 

(<13) 


(4. 14) 


Let  'is  establish  the  connection  between  the  paraoieters 
of  non-id enticity,  used  in  the  preceding  chapter,  with  the  new 
jtaaoi  parameters.  For  thie  pva-poae  we  aubatitute  in  Eqa.  (3.1)  and 
(3.2)  the  expreasiona  for  the  aaplituie-frequency  and  phaae-ftrequency 
characteristics  of  the  amplifying  channela,  in  accordance  with 
formuiaa  (4.11),  (4.12),  (4.13),  and  (4.14). 


li^3 


We  tnen  nave 


•  -4- 


a=- 


/  lut, _ 

’  Ai»’  ^ 


Aui  \  1  4”  £ 

AfilJ  ** 


2: 


2  .T 


) 


1  r 

i  -  j 


) 


In  the  expressions  for  the  asplitula-fraquency  cnarao- 
teristica,  according  to  formulas  \4. 11)  and  (4.12)  obtained  from 
(4.4),  the  resonance  coefficients  of  the  channel  gains  were  assumed 
to  be  identical  and  equal  to  unity. 

However,  when  the  capacitance  of  tne  resonant  circuit 
is  constant,  its  resonant  resistance  will  cnange  with  tne  bandwidth, 
and  consequently,  the  gain  Kj.  will  also  cnange,  if  the  transoorxluctance 


of  the  tube  Is  c  -nstant. 
For  exEJaole 


i.e.,  Kp  is  Inversely  proportional  to  tne  candwidth.  Then,  taking 
this  into  account,  we  get 


»  + 


[( 


Awi 
Att 


Aw  \ 


L±i 

2e 


Ml 


0 


» 


(4.17) 


i..: 


» 


(4. 18), 


It  should  be  noted  xhat  in  the  initial  expression  (4*4)  >  the 
generalized  detuning  was  determined  by  formula  (4.5),  according 
to  vhich  the  aoplitude-frequancy  and  the  pbase-f^equenoy  charaateris- 
tics  will  be  synaetrical,  thie  is  a  certain  idealization  cf  the 
real  characteristics.  Such  an  assumption  is  quite  Justified  for 
narrou  band  amplifiers  (Q  1) . 


2.  BANDWIDTH  OF  A  IWO-CHANm  RADIO  DIRECTION  FIND© 

It  is  obvious  that  vhen  the  amplifying  channels  are 
completely  identical,  the  bandwidth  of  the  receiving  and  indicating 
unit  of  the  direction  finder  will  equal  the  bandwidth  of  any  of 
its  channels.  When  the  frequency  of  the  signal  coincides  with  the 
resonant  frequency  of  the  channels,  the  length  of  toe  line  on  the 
tube  screen  viU  be  a  maximum.  Cn  the  boundaries, of  the  bandwidth, 
the  lengths  of  the  line  will  amount  to  0.707  of  the  maximu*a  length. 
For  radio  directionfinders  based  on  post-amplification 
and  pre -amplification  (see  Figs.  3.1  and  3.2),  the  pattern  on  the 
screen  will  in  general  be  an  ellipse.  Starting  with  this,  one  can 
take  as  the  bandwidth  of  the  direction  finder  that  Interval  of 
tuning  frequencies,  on  the  boundaries  of  which  the  length  of  the 
major  axis  of  the  ellipse  amounts  to  0.707  of  the  maximum  length. 

Usually  the  operator  does  not  take  aqy  readings  out¬ 
side  the  bandwidth,  since  tta  alze  of  the  pattern  is  considarably 


decreased  then.  Therefore  greatest  interast  attaches  to  the  value  of 

the  error  Viithin  the  bandwidth  of  the  direction  finder. 

"-o  d  3  ter  cine  the  bandwidth  it  ii5  -:o  , 


It  follows  therefore  that  In  this  circuit  the  size  of 
the  ca&jor  sezai-axis  of  the  ellipse  is  independent  of  the  measured 
phase  diffe'»*€nce  . 

In  general,  the  determination  of  the  exactvalues  of 
corre spending  to  the  boundaries  of  the 
passband,  is  entexls  serious  aatheiaatlcal  dirficulties, 

Tne  center  of  the  passband  can  be  determined  with  good 


approximation  from  the  expression 


/  Awi  \  _  Aw  1 


(4.20) 


The  values  of  ^  carresponding  to  the 

boundaries  of  the  passband,  can  be  obtained  with  sufficient 


(4.21) 


approxioatlon  by  adding  1  to  toe  abscissa  of  the  center . 


1. 


For  a  circuit  uitn  post-aaplirication  Fig.  j.x; 

the  Itangth  of  the  major  semi-axis  of  the  ellipse  depends  on  and 

Assuming  ^ 

more  weakly  on  ,  AddHfg  ^  5  90°  and  neglecting  tat  iru'xueace  of 

g  ,  we  get 


(4. 2:^) 


An  analysis  of  (4.22)  gives  results  which  are  close  to 
the  case  described  by  (4.19). 

Thus,  in  practice,  the  bandwidth  is  the  same  for  a  circuit 
wilh  pre-amplification  and  post-amplification. 


J.  ERRORS  DUIi:  TO  NON-IDENTICIIY  OF  TUNED  A-MPLIFIIK  CHAMiELS 

Let  us  consider  now  the  apparatus  errors  due  to  the 
following  independent  variables:  ^  j  A'-'Hiavi  (— ^//iSTtfav* 

ax5d  n,  of  wnich  the  first  two  characterise  the  non-identlcity  of  the 
cnannels. 

For  circuits  with  free  amplification,  the  system  error, 


according  to  (3.36),  equals  the  phase  unbalance  of  the  channels. 
Therefore  expresslors  (4.16)  is  an  analytic  dependence  of  the  error 
on  these  paraueters. 

An  analysis  of  the  errors  in  the  circuit  with  pre- 
ampLification 

SMjiifcf'iiafctiui  is  given  in  a  published  article  by  the  author,  and 
we  shall  here  therefore  only  on  an  analysis  of  the  errors  in  a 

j- 

circuit  with  post-amplification.  In  tiils  circuit  the  apparatus 
error  depends  also  on  the  value  of  the  measured  phase  difference 
and  we  shall  therefore  consider  the  maximum  errca-  determined  by 
the  graph  in  Fig.  2.7. 

•As  noted  in  the  preceding  chapter,  the  expression  for 
the  maximum  error,  as  a  function  of  the  parameters  a  and  can 
be  obtained  by  substituting  into  (2,13)  the  value  fi^om 

formula  (3,14).  If  we  then  insert  in  tne  resultant  expression  the 
new  parameters,  in  accordance  with  formaJas  (4.15)  and  (4.16), 
one  should  obtaiii analytic  expressions  for  the  maximum  error 


which  determines  the  functional  capsndence  of  the  m»Tci  apparatus 

error  on  tne  new  non-identicity  parameturr.  It  is  impossible  to 

both 

write  out  (4.23)  in  a  more  developed  form,  slnoa^the  intermediate 
and  the  initial  operations  yield  complicated  transcendental  ex¬ 
pressions, 

litB 


Since  ti3e  oaxiauia  error  is  a  funotioo  of  several 


paraaeterSy  it  is  necessary  to  specify  fixed  values  of  tiM  reoainiag 

par'  aeters  In  order  to  axhibit  the  dependence  of  this  function  cr. 
axiy  of  the  parameters. 

Fig.  4.3a  shove  graphically  the  variation  of  the  ayaxi-- 
mum  error  from  the  tuning  of  the  direction  finder  by  an  operator, 

:cr  a  single-stage  (n-el)  amplifying  channel,  when  the  channels  have 
identical  baadvidths,  but  vhen  the  channels  are  not  tmed  to  the 
same  fi'c  ^uency. 

Fig.  4.3b  shovs  the  variation  of  the  error,  vhen  taa 
detuning  between  ciiannels  is  absent,  i.e.,  vhen  A«J/4lr2.'„rO, 
but  the  ciiannels  have  different  banivldths. 

Figs.  4.3c  and  4.3d  show  the  variations  of  t!»  maximum 
ejTor  for  tne  most  general  case  of  non-identioity  of  the  channels, 

“““  AWaS^  jiO  ^1.0. 

As  can  be  seen  from  Fig.  14.3)  ,  the  curves  have  a 
discontinuity  at  the  point  vhen  the  parameter  a,  determined  by 
formula  (4.15)?  assuawa  values  equal  to  unity.  Corresponding  to 
these  points  are  two  equal  values  of  the  error,  but  of  opposite 

signs. 


■Pig.  4.3,  Depeadence  oi'  the  oaximuiii  error  on  the  timing 


cf  vhp  direction  finder  by  the  opemtcr,  at  different  values  of 
the  n on-identicity  parameters  of  single-stage  channels. 
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The  dashed  curve  shown  In  Fig,  4.3  corres¬ 
pond^  to  the  case  when  parasaeter  a  is  deterjflned  by  foraula  (a.  -?}, 
1.6.,  with  allowance  for  the  oorreotion  for  the  variation  of  the 
resonant  gain  of  the  ohannels. 

The  curves  of  Fig.  4.3  show  that  the  oaxinum  apparatus 
error  changes  with  variation  of  the  tuning  of  the  radio  direction 
finder  by  the  operator,  and  that  at  certain  values  of  the  tuning 
it  reaches  a  maximum  value.  The  curves  contain  the  points  corres¬ 
ponding  to  the  boundaries  of  the  bandwidth  of  the  direction  finder, 
according  to  formula  (4.21).  It  can  be  seen  that  in  certain  cases 
the  gs'eatest  value  of  the  maximvoa  error  falls  within  the  bandwidth 
of  the  direction  finder,  and  in,  others  the  greatest  value  of  the 
error  is  outside  the  limits  of  the  bandwidth. 


Fig.  4.4.  Effect  of  detuning  between  single-stage 
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obanoels  on  the  oaxlmuni  error  at  different  channel  bandvidtha 

(continuous  line  for  ,  dash-dct  for  ,  dash-dash  for 

isax 

A  >1^ 


Therefore,  for  a  circuit  uith  post-aaplification,  it  is 
advantageous  to  introduce  the  following  notation: 

^axiaum  value  of  the  oaxiaum  error; 


A 

Z-i 


aaxjn 


aax 


the  maxiaua  valve  of  the  naxinum  error  within 


the  bandwidth  of  tly'  direction  finder; 

'^maxc  —  “tbe  maxlaun  error  at  the  center  of 

ti^  paasbami  of  the  direction  fixaSer, 

Fig.  4.4  shows  the  deperJience  of  the  nuaxinua  error  on 
tae  dotuning  between  single-stage  aii^)llfying  channels  at  three  values 
of  the  ratio  of  channel  bandwldths,  ^  When  ^  =  1,0,  the  following 
equality  hajds 


As  can  be  seen  from  the  curve,  the  error  has  a  jr.^  ..jnum  value  at  the 
center  of  the  passbaad,  and  this  value  increases  little  with  in¬ 
creasing  iet’ining  between  channels  and  is  Independent  of  the 
difference  between  bandwidths. 

Let  us  note  that  the  nunerical  values  for  the  Fig.  4.4 
were  taken  from  the  corresponding  poixt  s  of  the  solid  curves  in 
Fig.  4.3. 

Fig.  4.5  shows  the  dependence  of  the  oaxiAum  error  on 
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the  detuning  between  single-stage  cbannels  for  unequaliaed  gains. 
Unlike  Fig.  4.4,  the  parameter  a  is  determined  by  formula  (4.17). 
According  to  this  formula,  tne  inequali'oy  of  the  bandvidtns  ca’jus^^n 
the  resonant  gains  of  the  channels  to  be  unequal. 


Fig.  4.5.  Dependence  of  the  maximum  error  on  the  de¬ 
tuning  between  single-channel  stage  channels  for  unequaliaed  (owing 
to  the  inequality  of  the  baodwidths)  le sonant  gains  of  the  channels 
(the  continuous  line*  for  and  ^  max^» 

dash  line  —  for 

c 

Thus,  the  curves  of  Fig.  4.f  correspond  to  unequal 
cnannel  gains  due  to  inequality  of  the  bandwidtha,  while  those  of 
Fig.  4.4  correspond  to  those  equalized,  for  example,  by  adjusting 
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tbB  traasoonduotance  of  the  tubaa  or  tbo  galas. 

It  is  seen  from  the  ctarves  of  Fig.  4.^  that 
less  toaa  the  errara  ^  sad  This  difx'ereace  iocrtasus 

vlth  Increaslog  detuniog  batvaaa  cbaoaelS)  Au)  Binca 

iooreases  acre  slowly  thaa  ^  m«<r^  ood  A 

Upon  equaliaation  of  the  galas  of  the  ohaanelS)  the 
curves  of  the  errors  A  mav^  fo**  \  and  1.1.  will  ooiacide 

vlth  the  line  for  ^  ^  1.0.  One  oaa  therefore  coaclude  that  It  Is 

oecessary  to  equalise  the  galas  of  the  ohaaoels,  for  la  this 
oase  the  error  Is  considerably  reduced. 

If  the  equality  ^2  -  ^2  Z'eached,  the  operator  should 
tune  tiie  radio  direction  finder  la  such  a  way,  that  the  frequency 
of  the  transmitter  falls  exihCtlf  At  the  center  of  the  pasaband. 

In  the  case  of  inaccurate  tuning,  the  error  may  reach  a  value  ^  *max 
which  Is  considerably  greater  than 

A  control  over  the  exact  tuning  may  be  the  else  of  the 
pattern  on  the  screen  of  the  tube.  A  maximum  length  of  the  major  axis 
of  the  ellipse  Is  obtained  when  the  slgxud  frequency  is 

at  the  center  of  the  passband  of  the  direction  finder. 

In  the  case  of  two-stage  (n  -  2)  tuned  amplifier  channels, 
the  dependence  of  the  maximum  error  on  the  tuning  of  the  direction 
finder  by  the  operator,  at  different  values  of  the  non-ldentlolty 
parameters,  is  shown  In  Fig.  4*6.  The  curve  Is  drawn  for  the  same 
values  of  the  non-ldentlclty  paraasters,  as  n  were  used  In  the  case 
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of  tha  aingle-stage  ohannela  (aee  Fig.  4.3),  aixl  tbe  pass  baads 
of  the  two-atage  chaxmela  are  aaauaed  tio  be  equal  reapeotively  to 

the  paaebande  of  tbe  ainglc-stege  channels.  A.s  can  be  3e0n,  t  ^e 
overall  character  of  the  dependences  is  aaalagous  to  the  case  oi' 
n  1. 

Thus,  one  can  expect  that  for  a  larger  nunber  of  stages 
in  the  channels  the  corxclusions  will  (qualitatively)  also  remain 

vaJJ.d . 

For  a  quantitative  estimate  of  the  influence  of  n  on 
tbe  maximum  systeoatic  errors  let  us  dwell  on  two  cases:  a)  when 
the  bandwidths  of  the  chaxinsls  are  equal,  and  b)  w  ^  there  is  no 
detuning  betw?><jn  channels. 

Fig.  4.7  shows  the  dependence  of  the  maximum  errors 

^  mw-r^  ^  ^*max  stages  for  ^  - 1.0,  It 

is  seen  from  the  figure  that  <1  A  for  all  n  >  1. 

Ids  means  that  the  greatest  value  of  the  maximum  error  does  not 
fall  in  the  passband  of  the  radio  direction  finder.  As  n  is  in¬ 
creased  the  greatest  value  of  the  maximum  error  shifts  towards  the 
larger  absolute  values  of  detuning  |  SZ.^  The  same  can 

be  seen  from  the  graph  for  an  equals  2  (see  Pig.  4.6a),  if  the 
boundaries  of  the  pass  bandecre  marked  on  the  curves. 

Fig.  4.8  shows,  for  the  same  conditions,  a  graph  of 
thedepeedenoe  of  the  values  of  the  oaxlmm  error  at  the  center  of 
the  passband,  ■'^^maxo^  nujjfcer  of  stages  m.  This  graph  is 
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Fig.  4.6,  Dependence  of  the  maximum  error  on  the  tuning 
of  the  radio  direction  finder  by  the  operator,  at  different  values  of 
the  non-identiclty  pararne^ters  of  two-ttage  channels. 


shown  with  a  larger  scale  for  the  ordinate  axis. 

We  note  that  the  graph  of  Fig.  4.8  is  correct  for  all  values 
of  the  parameter  ^  ,  since  it  is  assumed  that  the  resonant 
gains  of  the  channels  are  equalized,  for  example,  by  adjusting  the 
operating  conditions  of  the  tubes. 

Fig.  4.9  shews  the  dependence  of  the  errors  on  the  number 
of  stages  m ,  in  the  absence  of  detuning  between  the  channels  ( 

^  It  is  seen  from  the  curves  that  the  greatest  maximum 
error,  increases  relatively  rapidly  with  increasing 

number  of  stages,  and  the  greatest  error  in  the  passband,  *miax> 
increases  slightly,  and  is  substantially  less,  since  the  maximum 
value  of  the  error  does  not  enter  into  the  passband  of  the  radio 
direction  finder. 


i 


Fig.  4.  7.  Dependence  cf  the  maximum  errors  on  the  number 
of  stages  for  identical  bandwidths,  but  different  detunings  between 


channels  (continuous  lines  for  A 


ni3X„  *, 


,  for  /^*rriSLx)‘ 


4  j 


Fig.  4.8.  Effect  of  the  number  cf  stages  on  the  maximum 
error  in  the  center  of  the  passband  for  different  detunings  between 
channels. 

I  Ti  the  apsence  of  detuning  between  channels,  the  value  of 
the  maximum  error  at  the  center  of  the  passband  is  0,  regardless 


.56 


of  the  number  of  stages  in  each  channel 


.vhen  the  rescnar  t  gains  cf  the  chenrels  a:"c  no:  equalinei, 


r.  ,  ,  >  ^ 


r«-r 


i.e.,  'A’ithiri  the  passbar.-i,  more  acourai-^ly,  a:  the  ''er.ter  cf  :hr' 

Dana.  The  absclu:e  values  will  remain  unchanged  bc:h  when  the 

gains  ar^>  equal  ar.a  when  they  arc  hitfei e>-:t .  rh-^s,  the  t-cliri 
■..i  Fig.  4.h  show  also  the  aepenrionce  cf  the  error  in  th'  rase  cf 


fqunlizea  rascnani  gains. 


With  this,  t:;e  values  of  all 


Tyree  tyce.s  o:  er.'-crs  coincide. 


Fig.  4.9.  Dependence  of  the  rriaximum  error  on  the  number 
channel 

D.f  stag-'s  ai  different^bandv/idths  ,  but  In  the  absence  of  aetirning 
retv.T^"-,  the  channels  (continuous  lines  for  --  for 

'  rr/ciArn ' 
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Chapter  V 


APPARATUS  ERRORS  OF  A  TWO-CIiANNEL  RADIO 
DIRECTION  FINDER  FOR  A  PUDSED  RADIO  SIGNAL 
1.  CHARACTER  OF  THE  PATTERN  ON  THE  TUBE  SCREEN  DJ  THE 
CASE  OF  A  PULSED  SIGNAL 

Let  us  note,  that  the  voltage  of  remote  complicated  radio 
signals  is  usually  represented  in  the  form 

u{t)^LJ (f)slnu>o^ 

where  ^ 

The  quantity  U(t)  is  the  complex  amplitude  or  the  envelope,  and  the 
quantities  U(t)  and  ^  (t)  are  respectively  the  mcdulus  and  the 
phase  of  the  envelope,  v/nich  in  general  are  functions  of  tlmie. 

For  a  continuous  (harmonic)  radio  signal,  the  moduli  and 
the  phases  of  the  envelopes  at  the  output  of  the  amplifying  channels 
are  constant,  and  the  pattern  on  the  screen  represents  an 
ellipse  if  the  channels  are  not  identical  (see  Chapter  HI). 

In  radio  direction  finding  by  means  of  pulsed  radio  signals 


the  moduli  and  the  phases  of  the  envelopes  at  the  outputs  of  the 
channels  will  not  be  constant  during  the  iransient  process,  and 
if  the  channels  are  not  identical  the  transierts  in  thmn  v;ill  dih'er 
somewhat,  and  therefore  the  ratio  of  the  moduli  and  the  phase 
difference  of  the  •  envelopes  will  also  vary.  Cousequentlv,  the 
pattern  cn  ti.e  screen  will  in  general  be  an  ellipse  which  varies 

d'aririg  the  time  of  the  transient  in  size,  in  slope,  and  in  ratio  of  the 
axes . 

Since  the  anriplifying  channels  have  a  limited  bandwidth,  the 
moduli  and  the  phases  of  the  envelofies  at  the  outputs  of  the  amplify¬ 
ing  channels  will  be.  slowly  varying  functions  of  the  time  (compared 
with  the  period  of  the  carrier).  Then  during  one  cycle  of  the  carrier, 
the  values  of  the  envelopes  can  be  considered  constant,  and  to  each 
cycle  of  the  high  frequency  oscillation  there  will  correspond  a 
fully  defined  ellipse,  and  consequently,  also  a  fully  defineu  instantan¬ 
eous  value  of  the  error.  Thus,  the  error  in  the  case  of  a  pulsed 
radio  signal  is  a  function  of  time.  To  find  the  instantaneous  values 
of  the  error  it  is  necessary  first  to  determine  the  envelopes  at 
the  output  of  the  amplifier  channels. 

It  is  known  that  the  transfer  function  E(t)  determines  the 
variation  of  the  envelope  at  the  output  of  a  four-terminal  network 
in  response  to  a  unit  step  of  envelope  voltage  at  the  input.  If  a 


radio  pulse  of  rectangle  form  is  applied  to  the  input,  then  the 
envelope  s  at  the  output  can  be  found  i'  with  the  aid  of  the  transfer 


function  in  the  lollcwing  mn-.ner; 

where  'T'  is  tne  duration  of  the  rectangular  radio  pulse  at  the  input. 
Next,  the  envelope  at  the  output  will  be  represented  in 


ex-  cnenti;-!!  form 


6 

where  G(t)  is  the  mchulus,  tind  ^  p(t)  is  the  phase  of  the  envelope  ir. 
tile  case  of  a  pulsed  signal. 

rh--  cxpressio'is.  for  the  modulus  and  the  phase  of  the  envelope 
at  the  output  of  a  multi-stage  tuned  amplifier  are  quite  cumbersome, 
since  the  transfer  .tuncticn  is  very  cow. f Heated, .  We  shall  consider 
therefore  henceforth  only  the  cases  oi  single-stage  and  two-stage 
am  pili by ing  cha nnels . 

If  we  apply  to  tixO  input  of  the  amplifier  a  radio  pulse  of  such 
duration,  that  the  ti’ansienl  has  time  to  die  out,  we  obtain  at  the 
cutpui  ot  a  single-stage  tuned  amplifier  (n-^l'^fcr  the  leading  front^ 

>  COS  >  t  (5.  1) 


arc  -  - arctgp. 

^  I  —  e  ^coi(pKy) 


sin  <p«y) 


*^’'cos(PV) 


(5.  H) 


where  y  cs  t  is  the  dimensionless  time 

—  relative  detuning. 

For  tl.e  trailino  frcnt  we  obinin 


'iTT? 

arctg  p. 


(5.3) 

(5.4) 


Fig.  5.1  i'hov/s  graphs  for  the  modulutJ  G  and  for  thi  phase 
^  p  of  the  envelope  at  theoutput  of  a  single-channel  tuned  amplifier 
(n-s^l)  to  the  input  of  which  is  applied  the  prolonged  radio  pulse,  such 
that  at  the  beginnir.g  of  the  tra-iling  front,  the.  i  process  of  es¬ 
tablishment  of  the  envelope  (arriplitude  and  phase  of  the  oscillation) 
has  already  terminated.  In  practice  it  is  sufficient  that  the  dimension¬ 
less  j'tration  of  the  rectangular  pulse  Y  -  (  /^xi/fr)7r^  2AF^Tr 
be  equal  to  2. 

The  radio  pulse  may  have  a  different  detuning  of  the  earner 
relat  ive  to  the  resonant  frequency  of  the  amplifier 

_  Aw  _ 

^  &Q'  Ar  • 

The  graph  of  Fig.  5. 1  is  bavSed  on  formulas  (5, 1)  and  (5.2) 
for  the  leading  front  and  on  forinulas  (5.3)  and  (5.4)  for  the  trailing 
front.  The  expression  for  the  envelope  at  the  output  of  the  two-stage 


tuned  amplifier  becomes  quite  cumbersome,  and  v/ill  not  be  given 


of  the  amplifier. 


However,  Fig.  5.2  shows  for  comparison  a  graph  for  the 
modulus  G  and  the  phase  ^  p  of  the  envelope  at  the  output  of  a  two- 
stage  tuned  amplifier  (n=2),  which  has  the  same  bandwidth  as  tl  e 
single-stage  tuned  amplifier  referred  to  above. 

It  is  possible  to  obtain  from  Figs.  5.1  and  5.2  the  values 
of  the  modulus  and  of  the  phase  of  the  envelope  for  even  shorter 
pulses  at  the  input  of  the  amplifier.  Analysis  shows  that  the  modulus 
of  the  envelope  of  the  leading  front,  of  the  shorter  pulse  coincides 
with  the  corresponding  curves  for  a  lotiger  pulse  v/lthin  the  range 
from  yr  0  to  y  Y,  v;here  Y  is  the  duration  o^  the  shorter  pulse. 
The  modulus  of  the  envelope  of  the  trailing  front  of  the  shorter 
pulse  can  be  obtained  from  the  corresponding  curves  for  the  trail¬ 
ing  front  of  the  longer  pulse  by  reducing  the  ordinates  of  a  ratio 


) 

w.here  G/  _  and  G^.  \  are  the  values  of  the  moduli  of  the 

ty  »  Y)  «o  } 

envolcpe  of  the  longer  pulse  at  the  instants  of  time  - 
y  -  Y  and  y  -  oo  respectively.  In  practice  one  can  assume 


//:> 


The  phase-of  the  envelope  of  the  leading  front  of  the  shorter  pulse 


ilso  coincides  with  the  corresponding  curves  for  the  longer  pulse, 


within  the  range  froiii  y  "  0  tc  y  Y.  ‘The  c:  h.e  erivo:  :  ;  rf 

the  trailing  front  of  the  shorter  pulse  can  be  obtained  by  changing  the 
ordinates  of  the  corresuonding  curve  of  the  phase  of  the  envelope  of 
tl;:  hunger  pulse  by  a  ccnstara  quantity  ,  equal  to  the  difference 


Where  p^y  _  and  ^  p^y  ^  ^  j  are  the  values  of  the  phase  of 
the  envelcpc-  of  the  longer  pulse  during  the  corresponding  instants 
of  time. 

Heiiceforth,  after  perfoirning  certain  recalculations  that  take 
into  account  the  non-identicity  of  the  channels,  tiie  curves  of  Figs. 
0,1  and  5.2  have  been  used  to  determine  the  envelope.s  at  the  out¬ 
put  oi  each  of  the  ^umpliiier  channels. 

It  is  novv  neceSvSary  to  determine  the  ratio  of  the  moduli  of 
the  envelopes 


* 


(5.S) 


/  {i  (e 


and  the  difference  in  the  phase  shifts  of  the  envelopes 


ct 

0k  the  ouiput  of  the  channels^ when  identical  radio  pulses  are  applied 
to  the  inputs.  The  quantities  ap  and  ^/pCthe  subscript  denoting  pulsed 
operation)  are  functions  of  time  and  characterize  the  running  un¬ 
balance  of  the  envelopes,  due  to  the  non-identicity  of  the  amplifying 
charxnels  of  the  radio  direction  finder. 

Knov;ing  the  running  unbalance  for  different  instants  of  time, 
it  -s  possible  to  determine  the  values  of  the  running  error  for  the 
same  instants  of  time. 

2.  EEADH'-;  OF  THE  BEARING  IN  THE  CASE  OF  A  PULSEO  RADIO 
SIGN/. 

"When  receiving  pulsed  radio  signals,  the  pattern  on  the 
Screen  is  a  "smeared”  figure  made  of  successivefully  traced 
ellipses  with  a  common  center . 

During  the  time  of  action  of  the  pulsed  radio  signal  and 
during  the  time  of  the  transient  due  to  this  radio  signal,  the 


instantaneous  values  of  the  error  change.  With  this,  the  operator 
reads  the  bearing  with  a  certain  error  which  is  averaged  over  the 


time  cf  the  signal.  It  is  cYa 


lOi 


that  this  error  is  greatly  infltenced 


by  the  iiiStantaneous  values  of  the  error  dui'ing  those  instants  cf 
time,  when  the  length  of  the  pattern  reaches  a  sufficient  quantity. 


for  example  not  less  than  0.  707  of  the  maximum  length.  Therefore, for 
further  analysis,  it.  is  nece'^sary  to  determine  the  time  depet;dence  of 
the  length  of  the  line  or  the  major  semii^axis  cf  the  ellipse  when  a 
radio  pulse  is  received  by  a  two-channel  directioti  finder.  For  the 
circuit  with  pre-am.piificaticn  (see  Fig.  3.2)  the  length  of  the  major 
semil-a.xls  of  the  ellipGe  equals  the  stun  of  the  moduli  of  the  envelopes 


at  t’ne  output  of  the  ciiannels 

P^G^(t)^  Gtit),  (5.7) 

For  the  circuit  with  po.st -amplification  (see  Fig.  3.1)  the  length  of 
tit  major  semi-axis,  subject  to  certain  ass'umptions  (see  Section  4.2), 
can  be  determined  from  the  formula 


n-  1  / 

P_J/  _  . 


(5.8) 


Thus,  one  can  find  from  (5.  7)  and  (5.5)  the  instants  of  time  when 
the  length  p  has  a  maximum,  and  also  determine  that  interval  of 
time,  in  which  p  amounts  to  nci  less  than  0.  707  cf  the  m-aximrumi. 
However,  this  is  a  rather  complicated  task,  since  the  moduli 


of  the  envelopes  at  the  output  of  the  channels  are  determined  by 
complex  functions  of  tiie  channel  parameters  and  depend  on  the  types 
of  t..e  c-iiiije-  in  the  chanr>  'n. 

,  In  order  ‘o  fine  the  rrajor  senn-a>;ie  ci 
the  ellipse  for  small  detunings  of  the  channels  relative  to  each  other, 
^the  radio  direction  finder  (see  Figs.  3.1  and  3.2)  by  a  single  equiva- 
h  r.t  channel,  which  has  an  input  envelct'e  with  a  mcdulas  proportiona 


to  the  length  of  tiie  pattern.  The  bandv/idth  of  such  an  eqnivaler.t 

channel  is  equal  to  the  arithmetic  mean  of  the  bandwldths  of  the  real 

cha::nr.ls,  i.e, ,  2/ifL'  ,  and  the  resonant  frequericy  of  this  channel 

a  V 

is  dif'cr'^nt  frem  the  frequency  of  the  signal  by  the  aiiiount 


(5.9) 


which  is  the  arith  metic  mean  of  the.  detunings  of  the  real  ehar.neLs 
relative  to  the  signal  frequency.  It  is  then  possible  to  obtain  the 
numerical  values  cf  the  p.'irametors  of  idic  envelope  from  the 
curves  of  Figs.  h.  1  and  5.2,  assuming  that  the  latter  have  been 
plotted  for  the  equivalent  chattel. 

We  note  also  that  '.n  direction  finding  by  means  of  pulsed 
radio  sigr.als,  the  reading  the  bearing  can  be  also  taken  on 
the  hnsis  of  the  direction  cf  tlje  point  of  the  pattern  that  is 


f70 


farthest  away  from  the  center  of  the  screen,  corresponding  to  _  . 
taking  the  reading  on  the  basis  of  the  instantaneous  indicator  value 


at  th  ■  ''.siar,:  oi  :he  lenjth  of  ihe  patter'-..  C't'tirurly  t  i 

this  case  the  error  will  represent  tne  instantanecus  value  during 
the  corresponding  instant  of  time. 

For  the  circuit  with  pre-amplification,  the  instantaneous 
■.ral.ie  of  the  apparatus  error  i.s  determined  by  the  running  nhase 
unbalance,  in  accordance  with  formula  (5. 6) ,  l.e.,  A  =•  if' ^{i). 


S.  ERRORS  rd  THE  CIRC  JIT  WITH  PULSED  ALIPLIFICATIOU 
(See  Fig .  3. 1) 

After  determining  the  parameters  ap  and  ^p,  which 
characterize  the  .  running  unbalance,  from  formulas  (5.h)  and 
(5.6),  It  is  possible  to  determine  the  instantaneous  values  of  the 
error  by  formula  (3. 13).  flowever,  in  a  circuit  with  post-ampli- 
ficatioi;  the  error  depends  also  on  the  •’'aiue  of  the  measured  phase 
difier^nce  (jf’  .  It  is  therefore  necessary,  as  an  example,  to 
spec'.fy  certai’i  values  of  .  Let  us  take  such  a  values  of  , 
for  which  the  error  has  the  maximum  for  specified  parameters  of 
channel  non-identlcity . 

Fig.  5.3  shov/s  the  variation  of  the  instantaneous  values 
of  the  maximum  apparatus  error  on  the  non-identlcity  of  single 


stage  channels  during  the  time  of  action  of  a  pulsed  radio  signal.  The 
abscissas  represent  the  dimensionless  time 


where 


i-urvr3  on  Fig.’,  ij.3a  and  i3.3b  correspond  to  the  case  when  the 
bandwidtlis  of  the  channels  are  the  same  i  ^  ^  1-0),  but  a  detuning 
exists  between  channels.  The  carves  on  Fig.  5.3c  corresjrxDnd  to  the 
case  when  there  is  no  detuuirig  between  channels,  ^ 
but  the  channels  have  differetiL  bandwidth.s,  and  the  hatched  lines 
correspond  to  unequaiized  channel  gains,  owing  to  the  unequal  band- 
widths,  while  the  solid  lines  correspiond  to  equalized  gains,  for 
example,  by  changing  the  transconductances  of  the  tubes. 

It  is  seen  from  the  curves  that  the  error  increases  most 
substantially  during  the  time  oi  action  of  the  trailing  front  (on  the 
curve,  the  start  of  the  trailing  front  is  indicated  by  a  thin  vertical 
line).  It  is  known,  however,  that  in  this  case  the  length  of  the 
pattern  on  the  screen  decreases  rapidly,  and  this  reduces  the  in¬ 
fluence  oi  the  trailing  front  on  the  reading  error. 


/7^ 


Fig.  5.4  shows  analogous  curves  for  the  instantaneous 


vail-  '’  f  the  rnaxirjurr:  at  ’;aratus  error  tiuo  to  tr-e  ncn-idertic^ry  cf 
two-  .stage  amplifier  channels,  having  the  same  tanawldth  as  the 


corresponding  single-stage  channel. 

If  the  bearing  reading  is  taker,  to  be  the  average  reading 
d'^r-r.']  the  time  of  action  of  the  pulsed  radio  .signal,  when  the  length 
of  the  pattern  arriounts  to  not  less  than  0.  cf  the  maximum  size, 
then  the  error  in  reading  will  in  this  case  also  be  an  average,  which 
can  be  determined  from  the  curves  for  the  instantaneoas  error, 


using  the  formula 


(5. 10) 


where  t^  and  ^2  *“  '‘■nstants  of  time  that  det^minine  the  averaging 
Interval. 
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are  relatively  small  in  absolute  magnitude. 


Fig.  5.S  shews  the  dependence  of  the  averaged  maximum 
error  on  :he  duration  of  tne  puis._^  for  identical  bar.dvV-dths 


av 


of  single-stage  channels,  but  for  different  detunings  between  them, 
v/hile  Fig.  5.Q  shows  the  dependence  of  the  error  ^  rn 


err-atien  of  the  pulse  for  the  same  condilioris. 

It  is  seen  thac  the  averaged  error 


pm 


and  the  error 


av 


obtained  wtnen  the  reading  is  made  on  the  basis  of  the  farthest  point 
of  the  pattern,  '  decrease  wdth  reduction  in  the  radio  pul.?e. 


rm 


It  must  b'-'  borne  in  mind  that  in  the  case  of  pulses  that 
are  shorter  than  optimum  duration,  the  ratio  between  the  .signal 
and  noise  gets  w’orse. 

An  analysis  of  errors  due  to  non-identicity  of  two-stage 
amplifying  channels,  tiaving  the  same  bandwidth  as  single-stage 
ones,  yields  analogous  results  for  direction  flndlrig  by  means  of  a 
radio  pulse.  This  can  be  seen  from  tiie  ccrcparison  of  the  curves 
of  Tie  insiantaneous  values  of  the  errors,  shown  respectively  on  Figs. 
b.3a,  b.3b  and  5.4a,  5.4b.  One  can  therefore  expect  thai  the 

results  will  have  the  same  character  also  for  “Tf  >■  2. 

If  the  pulse  duration  is  twice  the  optimum  value,  then  the 

errors  will  be  practically  equal  to  the  errors  in  direction  finding  by 
nwiins  of  a  continuous  signal,  but  if  the  duration  is  less  than  optimum, 
dien  the  values  of  the  errors  will  also  be  somewhat  less. 


, _ 
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Fla.  3.11*  ciiocic  diagram  ot  shcrt-wave  two- channel  re¬ 
ceiving- Indicatiiiir  unit  lor  (llreotion  rinding  witn  con¬ 
tinuous.  telegraph,  and  pulsed  radio  signals, 

1)  hiah  frequency  amplifier;  2)  raixer,  3)  heterodyne; 

4)  i'utermedia te  frequenCjT  amplifier;  5)  8uni--dii'fersnc9 
i)  lixiter;  7)  catncde  follower;  S)  automatic  gain  con¬ 
trol;  9)  detector;  10)  low  frequency  amplifier;  11)  te- 
leohone:  12)  telegraph  heterodyne. 


We  see  that  the  apparatus  contains  two  principal  amplify¬ 
ing  channels  w'ith  double  frequency  conversion  and  an  audio  channel. 


The  first  intermediate  frequency  is  2.5  VLqs.  At  such  a  relatively 

high  inlerrne'liate  frequency,  good  supprersivn  c:  UHr  irnagc'  riy 

is  insured.  The  received  frequencies,  ranging  from  5  to  25  Mcs, 

are  broken  up  into  six  bands  sc  as  to  insure  optimum  density  of 

radio  staMooc  in  each  of  the  bands  and  to  insure  accuracy  of  tuning 

Ci  the  frequency  on  the  scale,  not  worse  chan  10  kc.  The  tuning 

is  by  means  of  a  five-gang  variable  capacitor,  the  sections  of  which 
are  carefully  symmetrized  beforehand.  At  the  input  of  the  principal 

channels  is  connected  a  ''zero-bearing"  switch  to  monitor  the 

equality  of  the  channels . 


Fig.  5.12.  View  of  two -channel  radio  receiver- 
Follcort/ing  Tae  second  intermediate  frequency  amplifiers,  the 

frequency  of  which  is  112  kes,  each  of  the  principal  channels  cori- 

tains  a  limiter.  The  purpose  of  the  limiter  is  to  produce  equal 

and  constant  voltage  amolitudes  at  the  outputs.  This  insures  normal 

conditions  for  the  operation  of  the  "sum  —  difference"  unit  and  for 


the  following  elements  of  the  indicator  unit,  particularly  when  the 


input  siffaai  amplitudes  increase  conalderabljr.  Identical 
tuned  networks  are  used  in  all  stages  oi'  the  principal 
channel s • 

The  limiterp  are  followed  in  the  channels  by  catho- 
d  ■'  i  ;rs,  tr,e  .>1  ■.  e  rvno^vl'  • 

.Ic.i  hao  a  ..v  cr:  v:.:.- 

i.i:  than  Jo.:n  -.lo  anp,. ily  Irw  j. '  '.a. 

dlcator  rortion,  Tne  indicator  portion  cortaina  tae  'sum 
—  difference'*  device  with  phase-snlf  t. ing  RC  aetwcri,  out- 
out  parapLase  stages  of  the  intermediate-frequency  ampli¬ 
fier,  and  the  cathode  ray  tuoe, 

Itruo curaliy,  the  apparatu;£  conslstr,  of  a  receiver 
t'ock-  afi  Inaicato?*  block,  and  a  powei"  supply  block,  rig. 

,  1,1  ohowc  the  aonearance  oi  a  two-onannsi  i-eceiver,  ve 
;.')o  ta:».t  on  t.i'r  frir;,t  panel  oi  the  receiver  are  orcurel 
t;.e  control  dt-vicea;  scale  with  band  nultcn,  tuning  knob, 
knob  v,d.th  flag  indicator  for  the  "tero-oeari.ng "  ewitcn, 
tumoiei*  sv’ltch  to  conre  0  "m  telegraph  heterodyne,  knob 
for  loudness  control,  and  a  spare  knoo,  intended  for  e- 
quailzing  the  amplltuaes  of  the  voltages  past  the  ampli¬ 
fy  ing  craanneia.  Vitb  the  spai-e  xno'c  it  la  possible  to 
convert  the  ellipse  into  a  line. 


Fig.  b.  3.  Is  shows  the  ohasslc  oi'  tne  receiver,  taken 
out  c;.  the  case.  On  toe  rear  are  seen  fo\ir  high  1'requon.oy 
disconnects  under  a  coaxial  cable,  two  of  wi.ich  serve  to 
■connect  triS  c'.tcnr.as  and  two  to  corinoct  the  indicator. 
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Cr*iipter  VI 


APPAHAT’JB  OF  PhASt  ^e^^SlS  CP5RATIN0  AT  LCW  rRE^UiSNCY 

.  .  ii'.lv..-  O'  PHAO  :  MiTTi  ClrtCOIT 

-  itT'?  arts  mani'  ':r.-'wn  rirc-ilts  c^ir.icle  iuaurinj^  *ric  .T-tajitTo- 

inent,  ■:  tne  piiaso  shift  into  low  fraq'^ncy  vritagas  t^sca  ChapXBr  I). 

nowever,  oy  far  not  ali  these  circuits  can  toe  used  l.i  a 
saort-wave 

^directirn  finder  tndlcatcr  (viitn  frequency  c'"nversi.)n) .  It  is  d^sL:*- 
■'.'..-'5  a'  ovr  Mil  .nat  tn^  rr.ase  aeter  insure  direct  readLng  of  tnc 

'.n  t;ie  indio'it.-i  scab;.  Trio  nares  it  necessary  to  ft>re.jo 
tne  use  o;'  circiitg  tni^t  require  rciinual  c.'.'upencsntlon  u firing  tne 
ic  •'  3  ur  -“j  .T.e  n  t . 

lauB  Ticters  viitr.  aoto!&e‘.ic  u  a;;ansatii. 'oased  or.  tnc  s»  rv  '- 
Ui  cnnniu.u  aystea  prir.ciplti,  are  us-;':  in  tiU.'se  cas.>s  wrwn  tne  tiica 
deiay  of  xt'.f-  indicator  d^^vicf.  need  not  b>i  rnangod  during  tne  rmcoas 
ir'  yevdtion.  Crt.nerwisr  it  is  ncre  cor'.vealcnt  to  use  pttasa  x-^icra 
onsod  cn  eiectr-'nic  turns,  optratix^;  witn  current  rfctiflcar-iun 

Ht.-;  0  it  i  easy  t  •  o'otair.  the  necussary  tlc.e  delay  of  the  pnase  netar 
uy  :iJ.uihio  cnoice  of  Lh-j  tiae  constant  n  tne  filter  at  t..o  output 
cf  t. .ectiiying  device,  in  the  case  of  necessity  it  is  also  easy 
to  vary  tne  time  delay  by  switcrJuig  the  filter  capacitors  in  and  out. 


la  choosing  tie  phase  aster  circuit  it  is  necessary  to  call 
attention  to  tOe  possibility  of  insuring  the  required  measureaent 

ac:.  ut  !-;  jy.  The  most  dangercua  errors  are  those  ariairig  T,hre .  ii;- 
stability  of  the  circidt  parameters  and  the  pcver  supply  parameters. 
Balanced  circuits  have  definite  advantages  in  this  respect. 

The  deviation  of  the  actual  parameters  of  the  circuit  from 
t;\e  i.cminal  ones  .'.pacs  to  the  appearance  of  the  systecsatic  apparatus 
error.  The  apparatus  error  can  be  taken  into  account  in  principle 
during  the  •-alibration.  Houever  wt^n  the  error  has  a  cotiyjlicated 
variation  on  the  measured  bearing,  complete  elimination  of  the  error 
is  impossible.  Ic  is  therefore  important  that  the  absolute  value  of 
the  apparatus  error  be  sufficiently  small.  This  necessitates  the 
maintenaas.e  of  definite  tolerances  for  tha  parameters  of  tho  phase 
meter  circuit. 

In  certain  types  of  phase  muters  errors  may  occur  when  the 
sikjnal  amplitude  varies.  Obviously  these  errors  should  be  sufficiently 
uo,aIx  -Whan  the  signal  ampiltuda  varies  within  limits  that  insure 
autocratic  gain  control. 

In  many  cases  a  snort-wave  direction  finder  nust  measure  the 
bearing  within  a  short  time  interval.  In  this  connection,  it  is 
required  that  the  phase  meter  produce  rapid  readings  whenever 
necessary. 

2.  PHASE  METSiS  WITH  READING  BiY  MEANS  OF  A  CATHODE  RAY  TUBE 


/ 


Pig.  6.1  3hov8  a  possible  blocic  diagram  of  a  phase  iteter  for  a 
short-wave  directio.i  fioder.  Trie  aigaei  voltage  arid  tne  •'•efere'.ee 
are  3hifti;:i  in  p:;u£.o  bv  aii  y  \  I  ro  rrst  l-p  _ 

These  voltages  are  applied  to  a  paaso-seasitive  sieisent,  ti-e  outr^-^  of 
wfaJoh  is  a  rectified  voltage  proportioaal  tc  the  amplitude  of  tae 
sif-rial  and  tc  ta:  cosine  cf  the  paase  shift,  i.e.,  to  the  quantity 


Fig,  6,1,  Block  diagram  of  a  phase  mater  using  a  cp.tnode  ray 

tube. 

PSr.  — .phase  sensitive  element,  90^  —  phase  arditar,  pi-oducing 
a  piiase  siiifsi  of  90^'  in  the  reference  voltage, 

St  —  siaridard  pha.-je  sfdft,  F  —  filter,  C  —  o hopper. 

P'j  —  pu.lo9  generator,  CRT  —  cathode  raj'  tube,  R  —  regulator  for 
to3  gain  of  the  first  c.hannel,  PS  continuous  pi»se  shifter  for 
:l .u XjhI  ad j us tme nt . 


Ite  rfciorence  voltfi£,e  is  applied 


Xdk  second  phiase  sensitive 


=»le:.«rit  r.i^er  v.<?  joi-'t-  j  ir.  p.iasfe  cy  90^,  Consequently  its  output 

t.;.  outputs  -U‘  the  p/^.e'r -sensitivt;  eJL-'tients  ^  une  ;'oqu.sr.;u  r. _.ie 

djlo<y  of  tne  pnase  aetsr. 

Tne  rectified  v:Ita(:ea,  after  passing  tnrougn  tne  co.-oautator 

;  '  ,  ‘  u..p_i  •  '  Ui-  vertical  anc  norizentai  pjatea  :;f  a 

<  'rl 

cKta;  03  ray  t'i:..  a^.;  sniit  tne^spec.  frece  the  center  to  the  edge 
tne  screen,  fne  cnopperS;  controlled  cy  pulse  generator,  di?~ 
cc.ar,:ct  psrii.>c.i''r.:p,y  -pj-a  voltages  applied  to  tne  plates,  'ona.oq jer.tly 
tre  icet  ‘-ii  il  cove  rne  rcreen  in  a  ra.:i5_  direction,  and  vili 
:ru.^  Li  st’-sigut  .1.1.  u.nion  serves  as  on  .Indicator  of  tne  cca;-i.ap. 

Toe  slope  c'  iine  or.  tne  screen  is  ciot';i'ic.i:'ea  bv  t.ce  vr.lta^e 


’.atio 


'=arvt(?^5-=.Erc!tg-j7J^?-r  ?. 

‘  V  Zo%m 


(6.1) 


/nus,  en.e  i-iij;.  the  phase  snict  d.trectly  on  t.>?  ontr.ixie  ray 
tor.-,  .rid  c.'nseq'u-nti.,''  t.iis  deterniavs  tna  basring.  Tne  jarincipal 
c.;:  -1  :'  5UiiR  tnis  ;.'.;rfse  teter,  vzJLcn  Qeter.cinos  tue  quality  of  its 

'  p; -  Stlor.,  is  trui  po.are  ser.aitive  ele.xe.tt, 

ne  ..an  use  as  pheos  sensit.ive  slesionts  onase  detectors  witn 
T.inu.-^.  id.ai  referenoe  voltsgo  and  phase  c camutators  with  rectangular 


'  e  : e  nc  6  v  oltage . 


/f7 


%  % 


Fig.  6.2.  Fi*iacipal  diagram  of  a  phase  detector  aad  the  vector 
diagram  of  the  voltages  in  its  cii*cuita. 


The  principal  diagram  of  a  half --wave  pii&se  dox.ector  is  sacwn 
in  Fig.  6.2. 

The  voltage  Uq  is  applied  to  the  plates  of  the  two  diodes  in 
piiaee,  while  the  voltage  U  is  applied  In  phase  opposition,  Tne 
ar-;'lituie  of  the  voltage  In  the  circuit  cf  diode  is,  according  to 
the  vector  diagram  (see  Fig,  6,2b) 


Analogously,  the  ampiitude  in  the  circuit  of  diode  D2 


(6.2) 


(6.3) 


If  the  voltaga  U  is  taken  to  be  considerably  smaller  than  the 
sg 

voltage  Uq,  expressions  (6.2)  and  (6.3)  can  be  represented  in  the  form 


J'if 


1-f  mHS/ncoSfS  t/,(l  4  ~4-«coff), 

rV4^“2m'^7 f  S-  L\  {x  = 


(644) 


m  ~ 


(6.6) 


riic  dc  V'iltui;c  d*^liVQ,re<j  to  C,l;-5  aetiJCtoi'  laat  io.^i  iu  pr  ;■.  ■r'tioaal 
to  ttiii  aa;uiitu3s  of  trj3  sigr^  voltage.  Tae  voItai^e  at  tn€  oatput  cf 
th"J  circuit  i55 

=  -  A/^^cosf,  (S.  7) 

wnore  i;i  tae  cietfotion  ooeffloieat  of  tile  diode. 

A  p.-iij,ae  cetertov  can  ba  built  aivso  viitb  aatpli-fitu*  tube  '-per.'i- 
tin^;  ic  ttw  i-oiliae<»r  portl  'n  of  the  grid  ctjaractaristio . 

Fig,  6.3  SAOws  the  tjrlaclf>sl  diagram  of  the  phase  dstector  U3U.ng 
a  3:]uar«-i.a>J  triwi^  la  t/u3  3  circuit  tb.e  t'-itx3~  opei’atea  l:i  the  qued- 
ratic  pertiorj  of  the  cbu-actarijtic  sc  that  tne  cepsndencs  of  the 
p.v'j.ts  -.^xrvfiux  on  the  grid  voitaga  can  be  rectresanteci  by  the 

eqxi!-ri;n 

C-4+?"t-rl4  (6'») 


..j.  ',6.6')  is  valu.d  oili./  for  snifili  voltages  Ug.  In  the  left  ai’o. 
cf  tn-'  olrcoit  is  the  alternating  voltage 

~6/oStnW4-^^,'?jn(®^4-9)*  (^-9) 


/  f^/ 


In  the  right  arm  is  respectively  a  voltage 

Sin  0)^—6^  sJn(e»f  f  (6. 10) 


5tn  wt 


*  y*i 


ig.  6.1,  Phase  detector  using  a  triode  wita  quadratic  charac- 


i.ie  plate  current  of  the  lei’t  triode  is 

/a,  =  /o-l-pi/oSin  sin 

-i  7  sin  -!-?))*.  (6. 11 

i.';ly,  the  plate  current  of  tae  right  triode  is 

/a,  /o *f  ^0  sin  wf  ~  sin  +  ?)  ~i~ 

4*T  l^oSino^—^^sin  (ooZ-f-?))*.  (6.12 


put  voltage  is  equal  to  the  difference  of  the  plate  voltages  n 


the  left  and  right  trlode 

«^=2^  |pt<^sin  (W + ?) cos  (2«<+» )  + 

•¥lUJJ^  cos<f!.  (6.  !3) 

Tile  dc  conpunent  of  tee  output  voltage  ie 

«  2/?^*{£/o^«  cos  9.  (C>.  U) 

A  major  drawback  of  this  circuit  is  the  difficulty  cf  selec¬ 
ting  identical  triodes.  The  balancing  of  the  circuit  is  considerably 
more  complicated  than  in  a  diode  phase  detector,  since  it  is  necessary 
to  make  the  three  parameters,  which  determine  the  characteristic, 

equal  to  each  other.  In  this  connection,  in  spite  of  the  relatively 
a  triode 

large  gain,  .  phase  detector  is  not  advantageous  for  use. 

If  it  is  desirable  to  incorporate  amplification  in  the 

phase-sensitive  element,  it  is  better  to  use  phase  commutators  with 
rectaingular  reference  voltage. 


/f/ 


Fig.  6.4.  Phaae  comautator  amploylog  triodea. 

1  —  output  rererence  voltage,  'I  —  input  of  signal  voltage, 

3  —  ■•■atpiit. 

Fig.  6.4  shows  a  circuit  of  a  triode  pnaseccoauautator.  The 

oD.uTiatation  ie  carried  out  in  the  cathodes  of  tubes  Tl  and  T2.  lo 

Ino'ure  cle?»c  coiRT.j.'f^ticn,  the  rating  of  tuiie  snouid  be 

gi  eater  taaa  those  of  and  Tg. 

Even  aiore  gain  la  produced  by  a  pentode  ptuse  comnatator 

{■’ig.  The  ccmautatlcn  la  carried  out  here  in  the  screen  grids, 

tube 

To  fscilitste  Wk  cutoff,  the  plate  voltage  is  taken  to  ba  staaller 
ti/^n  th<j  screen  vo.^tage.  The  diode  Dl  is  intended  ftjr  fixizig  the 
sere  level  of  the  reiereuce  voltage.  Both  circuits  (Figg.  6.4  and 
6.5)  arc-  of  the  oaif-wave  type. 


Fig.  6.5.  Phase  coc^autator  using  pentodes. 

Fig.  6.6  shows  oscillograms  that  characterise  the  operation 


of  a  half  }Q  phase  coaimutator.  lx  is  seen  that  the  output  voltage 
can  be  ..iaed  frcra  the  input  voltage  j.  by  multiplication  by  a 

sp  .■  '.ally  caasen  I'une ti:  n  -'ig.  b.Oa;.  ?hi.3  circv-'- 

stance  rasKos  it  pc ssiole  to  represent  the  output  v  jltage  ur.  t:K 
following  form  (6.15) 

In  this  circuit  Uccc-  represents  a  sequence  of  rectangular 
:  ...ses  vcf  durati'-n  cqc.al  to  naif  the  period  {1/2} .  The  amplitude 
::  these  pulses  deporsda  cn  tiie  gain  of  eaca  fuoe  of  the  phase 
cemnutator  or  T2). 
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Fig.  6,6.  Voltage  oscillograms  and  current  oscillograms 


in  tne  phase  commutator  circuit. 


(a)  Input  voltage  (slgoal)>  (b)  and  (o)  voltages  at  the 
grids  of  tid>e8  and  T2,  (d)  —  reference  voltage,  (e)  and  (f)  — 

input  voltage  of  tubes  Ti  ajad  T2,  (g)  —  output  voltage,  (b)  - 
coaautating  function). 

Let  us  investigate  the  spectrun  of  the  input  voltage.  For  this 
purpose  ue  represent  the  oomautating  function  in  the  form  of  a 
Fo'ui'ier  series 


vhere  K  characterises  tbs  gain. 

The  input  voltage  is  sinusoidal 

B^=ti^cos(-y f).  (6  '■) 

Substituting  the  values  of  Ucom  <^in  (6.16)  and  (6.17) 
in  (6.15)  we  obtain,  after  trigonometric  transformations 

The  dc  component  at  the  output  is 

1(0=^  C^cosf.  (6.19) 

In  addition  to  the  dc  component,  the  output  contains  harmonics 
of  frequency  0->t  4<^,  etc.,  which  are  e.liminated  with  the  aid 

of  filters. 

In  conclusion  we  note  that  both  the  phase  detector  and  the 


phase  coauautatoor  caa  be  constructed  of  tne  full-irfave  type.  In  this 
casi=»  the  output  u.Ui  not  contain  tne  first  harmonic  cf  the  viorking 

y.id  tnfc  vill  hav  -  ?.  fi'cr^Ui.ru-v  T:  —  .  '  j 

cen  be  a  substantial  ad7ac.tJJgo  in  tnose  <'«.3cSs  vaen  tne  working  n  e- 
quency  is  quits  low,  and  the  time  delfi^  of  the  filter  cf  the  pnase 
meter  nust  be  sufficiently  saaill.  Full -wave  circuits  are  more 
'  .'.piicatad  tJiaa  aJ  igle-wava  circuits  and  are  more  difficult  to 
balance. 


^ - 44^  - - 


Fig.  6.7.  Full-wave  phase  do boot or. 

A  diagram  cf  a  f’lll  wave  phase  detector  is  shown  in  Fig,  6.7. 
Let  us  proceed  now  to  a  more  detailed  analysis  cf  several  of 
the  characteristics  of  a  phase  meter  based  on  diode  phase  detectors. 


3.  PHASE  METSR  SiRCB  OIRING  CHANGE  IN  SIGNAL  AMPLITUDE 


In  a  phase  meter  containing  phase  detectors  based  on  linear 
di  de3>  the  fluctuations  ia  the  signal  amplitude  cause  an  error 
the  phase  measurexsnt.  At  a  constant  r6f6renca--vrltage  amplitude, 
the  fluctuations  of  the  signal  amplitude  are  equivalent  to  a  varia¬ 
tion  in  the  quantity  m-r.  Uag/2l]^.  Calibration  of  the  indicator  scale 
may  be  carried  out  in  accordance  with  formula 


—  2m  »in  f  ~  /  \ -j- sin  y 
I  -/  I  -i  -2  —  ->-7.  <  - 


(6.*:o) 


It  is  seen  from  the  formula  that  at  phase  angles  43  — 

n4^  where  n  =:  0,  1,  2,  3,  tho  indicator  •>*eadings  are  independent 

of  the  value  of  m.  At  all  Intermediate  phase siadteattams  the  indications 
vary  with  m, 

^9 


Fig.  6.8,  Dependence  of  the  phase  meter  error  on  the  sJong 
measureci  phase  difference. 


The  graph  6.8  shows  the  variation  of  the  indicator  readlJiga 
at  different  initial  phases  as  the  value  of  m  changes  from  0  to  1.0, 
It  is  seen  fi*om  tne  graph  that  the  maximum  error  is  obtained 
at  ^  22.5  ^45°.  The  maximum  errca*  is  equal  to  3°  at  m  ^1» 


In  tb«  indiceted  range  of  variation  of  signal  aoplitide,  the 
variation  of  the  phase  meter  readings  depends  on  the  selected  value 

Ol'  .T.. 

On  the  graph  (Fig.  6.9)  plotted  iVos  foraula  (6.20)  .  ar'-? 

shoun  the  values  of  the  indicator  reading^  corresponding  to  a  phase 
rz-  22.5°  at  different  values  of  a*  With  this  graph  it  is  possible 
d  s  verai-'ie  the  fluctuations  in  the  indicator  reading  after  specify¬ 
ing  an  average  value  of  m  and  the  range  of  variation  of  m  as  a 
percentage  of  the  average  value.  Fig.  6.9  shows  also  that  by 
redwsing  the  average  value  of  m  it  is  possible  to  reduce  considerably 
the  dependence  of  the  indicator  7*eading  on  the  signal  amplitude.  Thus, 


at  a  —  0.1  the  readings  of  the  phase  meter  remain  almost  constant  as 
the  amplitude  of  tne  signal  is  doubled. 


Fig,  6.9.  Dependence  of  the  phase  meter  readiiigs  on  the  sig¬ 
nal  amplitude  at  a  constant  phase  difference. 


Fig.  6,10.  Dependence  of  the  phase  meter  error  as  the  signal 
fluctuates  by  ±25%. 


Fig.  6.10  shows  the  dependence  of  the  aaxlauai  vsristlon  of 
the  phase  meter  readings  on  the  selected  value  of  m  as  the  signal 

amplitude  changes  cy  ;;  from  the  averijjt-  val-ii. 

It  must  bo  ncteo  that  upon  considerncle  changes  in  toe  signal 
a/aplitude  at  the  receiver  input,  the  readings  of  the  phase  meter  may 
ah&nge  because  of  distortion  of  the  form  of  the  signal  by  the  linear 
of  the  receiver.  Therefore  automatic  gain  control  of  the 
receiver  must  be  calculated  in  such  a  way  as  to  make  the  signal 
amplitude  not  exceed  the  permissible  value. 

The  dependence  of  the  piiase  meter  readings  cn  the  signal 
amplitude  shows  that  it  is  possible  to  obtain  correct  readings  at 
large  signal  attenuation.  This  follows  from  the  graph  of  Fig.  6,9. 

At  m  ^  0,15  the  phase  fflet.er  readings  remain  practically  constant 
with  decreasing  ui.  Ail  tant  changes  is  tne  length  of  the  line  on 
the  screen  of  the  tube, 

A.  APPARATUS  SftROl  OF  THS  PHASE 

The  apparatus  error  is  a  resxilt  of  the  fact  that  the  real 
parariiters  of  the  circuit  always  differ  jn  practice  from  the  nominal 
values,  Phasw  detectors  im  have  an  apparatus  error  which  is  due 
both  to  the  asymmetry  of  the  halves  of  each  phase  detector,  and  the 
difference  between  the  two  phase  detectors  that  are  used  la  the 
phage  meter.  In  an  analysis  of  the  apparatus  error  it  is  necessary 
to  take  into  account  the  presence  of  an  initial  setting  of  the 


piiaae  oeter,  vhich  aakes  it  possible  to  reduce  the  influence  of  the 
instability  of  different  circuit  parameters. 

Tte  Uiitial  Settii't;  x.xy  to  pr'-dujed  witn  tr.--  o:  a  rt-  v  . 
pnast-  5iiifter  aa  a  eontroi  voltage  xs  appiiea  to  to.a  input  in  pi'-.c 

of  a  signal.  In  view  of  the  fact  tiiat  tne  standard  phase  snifter, 
witn  continuous  phase  variation,  is  frequently  too  complicated, 

■.£  io  is  possible  to  use  e  stepped  ptiaso  snifter  with  tnree 

fOsiticns,  0,  45,  and  yO^.  Since  the  phase  meter  operates  at  e  con¬ 
stant  frequency,  such  a  phase  snifter,  made  up  of  resistances  ar<i 
capacitances  is  quite  simple. 

The  phase  meterhas  traces  control  devices,  which  make  it 

p-ji  sible  to  obtaiii  nl  the  initial  setting  exact  readings  at  0,  VO, 

standard 

and  45^'  in  tnree  corresponding  positions  of  the  phase  shifter. 

A, 

The  first  two  adjusttiants  establish  the  phase  in  the  signal 
channel  and  in  the  reference  voltage  channel,  axid  tne  third  regulates 
tho  ratio  of  tne  output  voltages  of  the  two  phase  detectors. 

An  analysis  of  the  relations  that  take  place  in  this  piiase 
met'ir  yield  an  exprossion  for  the  indicator  reading  as  a  function 


of  fne  aessured  phase  angle  ,  witn  ailowemce  for  possible  devia¬ 
tions  in  tne  val'-ies  of  the  circuit  components  .and  fbr  the  influence 
of  the  initial  setting.  The  phase  meter  reading  will  be 

MKsii/o:  [)f  I  -f  ffi'j*  4-2m' sln^y-p-arcsln — ~ — — 

/Mj  j 


^  I  "f"  >^2  4"  2fli^.cos  drP 


-arc  sin 


/iij  — 


v=arc  {g 


(6.21) 


vhere  Uby  Uqo  —  amplitudes  of  the  reference  voltage  in  the  first  and 
second  phase  detector, 

^2  —  transfer  functions  of  the  first  and  second  phase 

detector. 


In  turn,  ve  have, 


In  these  formulas  the  parameters  pertaining  to  the  first  phase 
detector  are  marked  by  the  subscript  1,  ar^  those  perteining  to 
the  second  are  marked  by  a  subscript  2,  Accordingly,  m*i  axsd  m* 'i 
denote  the  ratio  of  the  signal  to  the  reference  voltage  in  the 
circuits  of  the  first  and  second  diodes  of  the  first  phase  detector. 
Aaalcgously,  for  the  second  phase  detector  these  ratios  uiU  be 

m*2  ®’*2* 

The  angles  ^  and  A  denote  the  error  in  tbs  phase  shift  of 


the  control  for  90  and  45^  at  the  setting  of  the  standard 

phage  shifter, 

I'craJ-o  v..'4..)  takvs  into  t:jc  i.::' 

the  .Inequality;'  of  th^?  tranafer  f'uactions  ef  firut  and  secf^-jd  phaae 
detaators,  and  the  cifferences  in  ti^  gains  of  the  channels  of  tte 
.■:'-3ffrr;;nce  vo.ltage  of  the  phase  detectora;  it  also  takes  into  account 


■  .if  -is.}' xi.fi tr'j  iu  tao  tranaforr.s:  nranchus  of  t-he  signal  la  the  two 

ratio  of  tn«- 

pnyaeo  deT.i,.  tors  «ni  tat  jii'i'ersncea  .in  trie  elgaal  ai-rrplit’ade 


to  the  refert-nce  voltage  i,*'.  the  first  and  second  phase  detactrjrs, 


as  w5l,L  as  "ihe  errors  in  the  phssa  snit'te.r  at  phase  shifts  cf  45 


0  -  i  VO'- . 


The  Iru'iuanoe  of  the  control  devices  and  the  phase  cieter 
tuning  devices  are  s.l2ulta.neouslr  taken  Into  account. 

An  analys-is  of  formula  ,6,21)  yields  an  expircsaivga  for  tlv: 
foear'-iirement  error  A(^-  -n  \ 

Itegiscting  terais  of  higher  order  ^if  s^isllnesa,  we  obtain 


itf  jO.o'j'  i  i  —  cos  f )  cos  ^  -  0,  j  04  sin  2<f  (y  —  1 )  -  - 
-  0,5  (1  — -  sin  Cf)  sin  (1  —  a)-^  -ir 

(6.  Ii?3)) 

wrara  —  nomi.nal  valtw  of  cne  ratio  of  the  sigasi  asnplituda  to 
the  roference-vol-tage  amplitude, 

"'j  —  charactoriz-ss  the  degree  of  non -identic  ity  of 

t  i^  operating  modes  of  the  first  and  second  phase  detactors^ 


oC  -  —  ciiaracterizes  the  aayonetry  of  the  signal 

tranaforiaar  arms  in  both  circuits. 

Por.-;ula  (6.23)  suowu  that  the  overall  error  in  tho  in(  .:  'ure- 

I  lr»  t  r'  •  i 

oent  consists  of  two  terits,  the  first  representing  the^phase  caeter 
srror,  and  the  second  the  error  due  to  inaccuracy  of  the 
staaiard  phase  snifter. 

Fig.  b.H  shows,  in  polar  coordinates,  the  dependence  of  the 
intrinsic  phase  mater  error  on  the  measured  phase  difference. 


Fig.  6.11.  Apparatus  error  of  the  phase  meter  proper. 

^is  can  be  seen,  the  Intrinsic  error  has  a  maximum  for 
pnase  difference  values  of  180  and  2V0°s 

Assuming  -  1.2  and  (1  -c^)  ~  0.1,  corresponding  to 
approximately  5%  accuracy  in  the  manufacture  and  adjustment  of  tne 
circuit,  we  obtain 

i?;,,.==±  «'»-«•  (e.2r>) 


J  i 


when  On-s-  0.1  we  obtain  a  inaxliaum  error  of  0.6°. 

We  can  conclude  frooi  the  analysia  of  the  apparatus  error  of 
the  phaee  nator  that  a)  tho  overall  apparatus  error  o ■  the  >  oe 
nseter  is  the  sua  of  the  intrinsic  error  iu  the  error  of  the  ptiase 
shifter, 

b)  both  the  intriusio  ei’ror  and  the  standard  error  depend* 
r  n  the  raeasurod  phase  difference 

c)  the  intrinsic  error  is  equal  to  aero  when  the  phase 
differences  are  0,  45,  and  90°, 

d)  the  intrinsic  error  has  a  njaxinum  when  tbs  phase 
difference  values  are  180  and  27C°, 

Tbo  nsgnit^^e  of  the  mximun  intrinsic  error  is  proportional 
to  urd  ccnsoquently  can  be  reduced  upon  a  judicious  choice  of 
the  pijasa  xetor  operating  conditions. 

For  ain  ^  0.1  it  is  enough  to  ensure  5%  accuracy  in  the 
isanuf ao  t’4rs  and  bedencing  of  the  phase  det^’ctor,  to  obtain  a 
phaae  oiieuBr  eiror  laiip.  than  1°, 

5.  IRAJSIilNT  TIHE  OF  THikSh  -MSTfH  RMINGS 

The  phase  detector  output  coatsina  hC  filters,  intejcded 
to  reduce  the  an^lltude  of  the  alternating  component  to  an 
acceptable  value,  determined  by  the  pernissible  ripple  coefficient. 

If  the  ripple  factor  is  too  large,  the  line  that  indicates 
the  bearing  on.  tlw  tube  screen  becomes  smeared  oat,  and  this 


redxicee  the  reading  accuracy.  The  alternating  voltage  at  the  output 
cf  the  phaae  dotcctors  is  also  dua  to  nciae.  In  the  case  of  vlilta 
r,'  is«,  3 Ine  tno  tiioe  is  to  rur^jc-u  'r.nv xxk%T-:::r.n:- 

fluctuations,  uhich  ce.ke  the  reeding  difficult,  the  intensity  >f 
this  fluctuation  can  be  reduced  by  increasing  the  tlae  delay  of 
the  filter.  Hoviver,  er.  Increase  in  the  tiae  constant  of  the  filter 
la  lindted  by  the  rcuuirc.'acnt  that  the  trarisient  tlae  of  the  p'lase 
^6  tor  reading  be  short . 


•Vr^^'T 

On 

^  h#,  tssss.  ^jji 

h*  U  I  1  V  <Wf 

i)  ri^L 


i 


i-  is 


iCr 


^2*  C,«i' 


Fig.  rdagraut  of  phase  de'&ector  in  tiae-dieiay  de'tej.tion. 


Fig.  6, .13.  Diagram  cf  phase  detector  in  peak  dettction. 


Let  us  <r.:.nsider  the  seq^/ience  of  dutarairiaticn  of  the  tr  nsiaxit 
tis!  of  the  readings,  t-t,  for  different  fjJter  g5''ste.ma. 

In  aaodcaBcrfcJcK  a  time-delay  phase  detector,  as  shewn  in  Jig. 
b.ii,  the  transient  tjjne  for  the  case  Rf^^  %»2  independent  of 
the  signal  phase  and  is  determined  fuLly  by  the  time  constant  cf 


*/ 


the  filter  RfCj-.  It  is  posaible  to  determine  the  transient  time 
with  sufficient  degree  of  accuracy  fTcm  the  fornule 


^  '6> 


Let  us  now  deterciiiie  ohe  transient  time  in  the  case  of  peak 

detection  (Fig,  6.13).  Fig.  6,14  shows  oscillograms  for  this  case. 

the 

In  the  absence  of  a  signal  s  capacitances  Cj  and  0^  are 
L  d  appr o>daiately  to  a  voltage  equal  to  the  airiplitude  of  vhe 
reference  voltage,  Uq.  Wnen  a  signal  appears,  the  amplitude  of  the 
voltage  acting  in  the  circuit  of  diode  1  increases  to  a  value 

lin.  while  in  the  circuit  of  diodo  2  it  decreases  to  Uq2  ^  U". 

w  * 

The  cap'acitance  Ci  is  charged  adcaost  instantaneously  tiircugh 
diode  I  ar.d  the  internal  resistance  of  the  transformers  (time 
constant  rCx  is  snail).  The  diode  2,  after  the  appearance  of  the 
signal,  becomes  cutoff,  si.uce  vne  voltage  on  capacitance  C2,  applied 
with  negative  polarity  to  its  anode,  exceeds  the  amplitude  of  tne 
Mcoing  Vvltage 

Tna  capacitance  is  freely  discharged  tiioough  resistance  K 

interval  to  in  Fig.  6,14}  until  the  voltage  across  the 

ca’>8citance  Is  equalized  with  the  aaplltj’de  cf  the  acting  voltage 

'•/Jo  ,  C,,  -  (1/2)U  ),  accurate  tc  idi  within  cne  cycle  of  the  vark- 

ao.  0  '  3g  ' 

ir.g  freqvieacy. 

Let  us  determine  tne  transient  time  Iq  for  the  most  un¬ 
favorable  -case,  zz  0.  The  voltage  across  the  capacitance  O2 


varies  as 


UoC 


hi" 


Pig.  6,14«  For  the  datermlnatloii  of  time  to  fix  reading 
with  pulse  signal  (dashed  line  shows  voltage  modulation 
in  circuits  of  first  and  second  diodes,  solid  line  show 
voltage  per  capacitances  Ci  and  O2) 

(a)  and  (b)  —  voltage  oscillograms  for  first  and  se¬ 
cond  diode  circuits,  respectively; 

(c)  —  oscillogram  of  output  voltage. 
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Fig.  6.15.  DejwndancQ  of  tlae  'ir&aaient  tiar  on  the  ohcice 
of  operating  conditions  of  the  phase  detector  with  peak  detectors. 

Fig.  6.16.  Dependence  of  the  transient  tiae  on  the  choice 
of  conditions. 


Taking  a  <5C1  considering  R2C2  ~  Ri<^  =RC,  we  get 


(6.29) 


Aaalogoualy,  obt<dn  ttie  tr6nf:*.ent  tijo- 

t^vi»  —  RC  In  •  ( 6-  30) 

for  in.  <[<  1  UQ  get 

(6.31) 

Taua,  the  trsjtisieat  tiiaH  cf  the  re^ltigs  iri  a  peejj  detector 
is  dateraodjaed  not  c>n.ly  by  the  t5jr.e  constant  RO,  but  depends  also 
on  tha  relation  between  the  signal  voltage  and  the  rei’ereaoe  voltage, 
a 3  well  as  on  tiie  asasured  phase  diffarence. 

Taking  the  refarci.ico  voltage  suffiaianfciy  large  coapared  vith 
the  signal  voltage,  it  is  possible  to  reduce  considarabj-y  the 
tranaiont  ttae  of  taa  readljigt,  for-  a-n  equal  ripple  coefficient , 

This  circUTiStaace  laakag  the  circuit  ^ith  pealc  cetectors  quite  supei'lor. 
The  dependence  of  to  and  t*Q  on  a,  established  by  foraulas  (6.28) 
arc  (6.30),  is  sbrjun  graphically  in  Figs*  6.15  and  6,16,  The  earns 
grapbt?  saov  ths  eXiXjriaontal  results. 

The  e  rperiatsat  vas  carried  out  vith  an  ladioator  i^yrabolad  as 
shewn  la  ?lg,  6.1,  -ulth  phase  detectors  (ess  Fig.  6,2),  The  signal 
voltage  was  naiatained  constant  at  20  volts. 

The  reference  voltage  was  varied  from  13. .3  to  96  volt, 
corraeponding  to  a  ranging  froa  0,75  to  0.104.  One  of  the  pnaae 
detectors  wassturned  on.  The  transient  time  was  determined  with  a 
atop  vetch,  being  the  time  aeoessary  for  the  line  enthe  tube 


to  build  up  to  total  length.  Toe  time  constant  RC  uas  taken  to  be 
17  sect-'hds. 

read  Ing 

£xperimi:a^  nay  !.  c<:pe:jC-’"on  *ri'.  trar;:; j.i.-.t 

tice  on  tbe  ratio  oi  the  effective  v-.dtages. 

'  «/ 


Pdf?.  6.17.  Jiagram  of  phase  detecto^r  vilth  complex  filUr. 

Tnc  qunntitetivo  aiscrep&ncy  between  tne  exoerimentai  end 
rr.eor’itical  o:c've  is  and  is  essentially  duo  xc  inaccuracies 

1  n  ne  a  o '  .r  c  mo  nt . 

Let  lis  exfl.Tine  the  time  variation  of  the  transient  t.Lxc  in 
t-M  pres'-nce  of  an  adcitional  filter  at  the  output  of  the  phase 
detector  (Fig.  6.17',  'under  tho  condition  H.  In  the  absence 

c,  signal  the  capacitJHnce  Ce,  lika  C,  is  chr.rged  to  a  voltage 
L\).  Wr.-ifi  a  signal  aprjears,  the  effective  voltage  increases 
snd  ta«  capacitance  C  is  charged  almost  instantaneously. 

7no  corresponding  capacitance  is  charged  through  a 
resistance  Rf,  and  its  charging  time  is  approximately  3RfCf. 

In  the  second  arm  of  the  first  detector,  after  cutoff  of 


diode  2|  tbe  oapaoitaAoes  C  and  Cf  are  diaohargod  through  reaiataocea 
R  and  Rt’. 

App’iTXi^ta^  -j  '.t  ii:!  a  U-;e  Xr,  t;.fc  v  -  --  r?.  ■ 

C  raacaoB  a  steady  valua,  Ine  cap-icira-P-cf-;  w,.  cvatlcjria  • 

discharge,  aad  tna  time  oonatant  is  approximately  RfGf.  Tha  voltage 
a  time  of 

is  built  up  uithln^approxiaately  3  Cjftf.  The  total  buildup  tiiaa  of 

tfi?  readings  is  dat-jrnujajd  by  tha  ioraulti 

r-^mRC^iR.C/ 

■*■■  T  0 


6.  GP52tATlUN  OF  THE  PHASE  METSR  IN  THE  PRESENCE  OF  NOISE 


Let  us  consider  certain  singularities  cf  a  phase  detector 
clr.:ult,  uhich  dAstinguiah  its  operation  in  the  presence  of  noise 
from  orciriary  detector  circuits.  Assumo  tiiat  a  variety  of  sinusoidal 
noises,  at  a  frequencier  close  to  the  signal  IVequsnc.v,  are  applied 
to  tns  ph&ee  meter  input  simultaneously  witn  the  signal.  Such  a 
pneno.'aonon  cccurs  vhen  the  signal  of  toe  radio  station  is  modulated 
is  in  amplitude.  It  is  possible  to  consider  analogously  the  action 
of  vhlte  noise. 

The  voltage  acting  on  the  circuit  of  the  first  diode  (see 
fig.  6,li)  is  given  by  the  formula 


u 


+ 


-f-  S  i  -  ")  ^ j 


sin  [•f+5(0J. 


(6, 3J) 


vbare  —  ami^tude  of  the  voltage  of  the  i-th  noise, 

—  freqiaency  of  the  i-th  noise. 

Cl)  —  frequency  of  the  signal. 

I  (t)  —  phase  modulation  of  the  effective  voltage. 
We  introduce  the  folloving  notation 


mi, 


«/a 


m 


m. 


We  then  obtain  after  certain  transformations 


«A(=^o|/  1 +"**+2/71  cos f -1-5]  mjx 


i=al 


I 


/ 


"  n  —  \n 

2  i  m/cos(«.»i--u»)<  2  2  2  Wi/n*  cos 

/  1  + - _ |_  V  ^ 

1  -f-  m2  -}-  2/n  cos  ?  -f-  2  '''f  I  -f-  m*  -j-  2m  cos  f  -f- 

i5»J  , 


+  - 


V  n 

2  2  ^(tif i  — >io)  /  —  f  j 

i!»I 


1 -f*  m2 2m  cos  9 2 

t— i  *■  j. 


?-n 


sin  («)/-|-UOI- 


(6.33) 


eWn 


Assume  ;-v^t  tne  voltage  on  the  det^-ctor  load  duplicates  the 


of  the  envel -pe  of  the  actua^l  vcltrige.  Let  the  re.'.j:.  ..cc. 

voltage  exceed  considerably  the  signal  voltage  and  the  noise  voltage. 

Then  the  voltage  across  the  load  is  given  approximately  by 

/  « 

w; , «  KiU^  I''  1  -f-  m»  4-2m cos  «p -f  X  X 


n  n  >1—1/1 

X  «»,  cos(m.,— 5)  miHi  COS  [(•i— •-)*“- f] -«■  2  X  m;m»cos(u»,— 

t  — I  i>w|  <=1  />>=i4l 


/ 


(r,.:54) 

■i'o  obtain  an  analogous  expression  for  the  load  voltage  of 
the  yecoivi  diod  i,  it  is  enough  to  reverse  the  sines  of  m,  a^,  and 
in  formula  (6,34). 

The  output  voltage  of  the  phase  detector  is  the  difference 
in  the  voltages  across  tae  leads  of  the  sBDxmalxaaBixjC^sadc  first  and 
second  detector.  Obviously,  under  the  conditions  indicated  above 
(ix  <(<,  1)  the  spectrvm  of  the  alternating  component  of  the  output 


voltage  of  the  pnaae  detector  will  contain  predominately  the 


components  of  tho  beats  between  the  frequeacy  of  the  reference 
voltage  i  and  the  noise 

Gcffibination  iVoquancies  of  the  type  prac¬ 
tically  absent  from  the  ontput.  This  increhses  the  interference 
iasffiuhity  of  the  phase  detector  compared  with  the  detection  cir- 


cuita  without  reference  voltage. 

Let  us  new  conaidar  tb«  effect  of  pulse  noise  on  the  pteae 

Cl  ,  , 

Asfc’iitfi  tr.at  tr.f>  i.'put  of  tho  pnese  mini  xa  ax.C.j'-^cie': 
simultaneously  to  a  aignsi  and  to  a  noiso,  the  cacillogram  of 
urdcr,  i"-.  shown  in  Fii»,  6.18.  Noise  of  thia  type  is  frequently 
'-•iuf.'cd  by  nerj  o  di.'ic  Jijrgea. 


Fig.  6.18.  Osciiiogrjffi  of  &  pixlsed  unise. 


The  duretior.  of  the  principel  pulsa  is  approxlmatsly  t'oual 
to  hailf  the  perlcxi  of  the  working  i^equency.  In  t.ho  case  of  t.iaw- 
delay  uetectlcn  \aee  Fig.  6,12)  to^  effect  of  such  a  single  noise 
is  very  la3ig.'rJLficjta+,  cince  t.ne  caange  in  the  output  voltage  post 
the  filter  is  negligible,  if  rne  &nplit\'io  c;-£  the  noise  is  com¬ 


parable  with  th£t  of  the  signal.  In  tiie  rase  cf  peak  detection, 
tc  tho  contrary,  single  pulse  noises  greatly  interi'ere  with  the 


C3.~‘a3ui’em6r.ts, 


This  is  explained  by  the  fact  that  tiie  capacitance  in 


tiM  circuit  of  diode  1  (ace  Fig.  6.13)  is  charged  through  the  diode, 
since  the  noise  oooibines  vlth  the  effective  voltage  of  the  signal. 


The  increase  in  the  volta-’-e  across  capacitance  is  £c 


to  the  amplitude  of  the  noise.  At  the  sans  tine,  the  capacitance  in 
the  circuit  of  diode  2  reoaina  practioallor  vith  the  saae  charge. 

The  increment  in  the  output  voltage  is  approximately  equal  to  the 
amplitude  of  the  noise.  This  causes  a  pip  on  the  line  of  the 
tube  screen.  After  the  noise  action  stopa,  the  capacitance  ie  dis¬ 
charged  through  the  load  resistances  and  the  line  gradually  returns 
to  its  previous  position.  The  angle  of  the  pip  in  the  line  is 
determined  by  the  formula 


i3i4L. 

2  V^f. 


(6.35) 


Formula  (6,35)  ia  corruot  uhen  Un  Ug-. 

Let  us  consider  now  the  effect  of  a  single  noise  on  a  phase 

detector  built  in  accordance  with  the  circuits  shown  in  Fig.  6.17. 

As  in  the  case  of  peak  detection,  the  capacitance  C  in  the  cathode 

of  diode  1  increases  its  voltages  by  an  amount  equal  to  the  aoplitude 

and 

of  the  noise.  After  the  noise  stops,  the  diode  is  cutoff  the 
capacitance  C  is  discharged  through  the  rweistanoes  H  and  Hf, 
charging  thereby  the  capacitance  Cf.  The voltage  on  the  capacitance 
C£>  increases  slowly,  and  then  drops  again  to  the  steady-state  value 
(Fig.  6.19). 


.19.  On  tne  det^riaination 
pnase  aieter  reading. 


error  of  tho  phase  meter  for  aiJ3gle  noise  pulses. 


The  mximuia  incresoe  of  the  vclt*i;je  th'- 

capacitance  dQtarainvS  tiie  angle  of  siojHj  ci  tne  linu,  e.aa 
consequently  the  effect  cf  the  noise.  Xt  can  be  shoun  that  this 
quantity  uepends  not  oxHy  on  the  aaplitude  of  the  noise,  but  also 
c  the  aaplituk'  of  tne  reference  voltage.  Actually,  pi'xor  to  the 
arrival  of  the  noise  both  capacitances  C  and  Gf  wei'e  chai-ged 


equally,  approximately  to  voltage  ifc  .  After  the  cessation  of  the 
noise  the  capacitance  C  is  discharged  to  a  voltage  ’io  with  the 

di'xi'i  cutoff.  The  rats  of  discharge  of  capacitance  C  depends  on  the 
initial  voltage  O’  -4"  L?  and  increases  with  increasing  Li..  Since 

Q  n  u 

the  capacitance  Of  has  been  previously  charged  to  a  voltage  LSq,  the 
rata  o.f  its  charge  and  discharge  is  deterainod  only  by  the  noise 


volt&ge  Iv,. 

The  maxiauK  vo^ltage  across  eapac."  tance  Cf  is  reached  in 
tost  case,  when  the  voltages  across  tls  capacitances  C  and  Cf  are 
apprcxl.r!Uteiy  equaliaed  (instant  ?ig.  6.19).  Actually,  the 
voltage  becomss  iaaxiffiUia,  when  du^f/dt  tu  0,  This  iaeans  that  the 
cuiTent  tbrouga  the  resistance  Rf  is  eq^jai  co  0,  and  consequently, 
the  voltages  across  C  and  Gf  are  equal  to  each  otr«r  (see  Fig, 
6,17),  3y  increasing  we  increase  the  rate  of  discharge  C  at 
an  unchanged  rata  of  discharge  Cf.  Therefore  the  equalizatioa  of 
tue  vo-ltages  occurs  earlier  and  the  voltage  across  Cf  has  a  saiailer 


lAorease.  In  order  to  verify  tnlsk  it  is  enovigh  to  ooiapare  the 
curves  of  ?ig8.  6.19a  and  6.19b,  which  are  constructed  for  different 

val'jiBS  of  the  referer.c6-volta£0  aaplitude  Uq  and  equal  vala'  c?  rf 

«n- 

A  detailed  analysis  shows  that  the  angle  of  the  throw  of  the 
on 

line  at  the  screen  of  the  cathode  ray  tube,  for  the  case  xiader  con- 
clrlB ration,  is  detericincd  by  the  equation 


’  i  KC  1 


(6.36) 


The  function  L,  dt  is  a  function  of  RfC^/AC,  is  shown  on 
Fig.  6.20  for  different  values  of  Un/%* 


The  analysis  given  .Tiakes  it  possible  to  choose  the  para¬ 
meters  of  the  phase  mter  in  such  a  way,  that  for  a  given  buildup 
time  the  effect  of  different  noises  can  be  substantially  rediwed. 
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